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Nitrogen (N) and phosphorus (P) are two significant plant growth-limiting elements that are 
required in relatively large amounts and often are deficient. Both N and P are typically 
deficient in soils of Sub Saharan Africa. Amelioration of these deficiencies is difficult in Sub 
Saharan Africa since chemical fertilizers are prohibitively expensive for small holder farmers. 
Microbial inoculants that enhance the access to N and P could potentially be used to alleviate 
N and P deficiencies and provide an inexpensive means of providing these nutrients in this 
region. 
In Ethiopia, rhizobial inoculants are currently being promoted to legume growers. Site-
specific field experiments have demonstrated yield improvements due to rhizobial inoculants 
for different legume crops. However, for some of the grain legumes, such as soybean, multi-
location demonstrations have shown inconsistent responses to inoculation. The reasons for the 
variability in the responses to inoculants is, however, not clear.  
Around forty percent of the arable land in Ethiopia is of low pH (less than 5.5), which is one 
of the constraints for successful cultivation of crops. Soil acidity limits N fixation through its 
detrimental effect on legume growth, the survival of rhizobia, and its influence on the 
symbiotic interactions. In addition, soil acidity reduces the availability of P to plants, further 
limiting both plant growth and N fixation. Therefore, this study aimed to identify acid tolerant 
rhizobial inoculants and phosphate dissolving bacterial inoculants as a means to improve 
soybean production in acid soils of Ethiopia. In doing so, the presence, effectiveness, acid 
tolerance and diversity of soybean rhizobial populations resident in Ethiopian soils were 
investigated. Phosphate solubilising microorganisms were also isolated from soils that grew 
soybean and their effect on soybean yield was investigated.  
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Rhizobial strains isolated from nodules of soybean grown on Ethiopian soils were screened in 
vitro for their acid tolerance. The acid tolerant strains were then evaluated for symbiotic 
effectiveness in a controlled environment. Following this, the most effective acid tolerant 
strains were evaluated in six field experiments in major soybean growing areas of Ethiopia. 
Inoculation with a commercial rhizobial strain, or two locally-sourced isolates of rhizobia 
were used as inoculants resulted in improved soybean yield. The yield increase due to 
inoculation with the commercial strain was consistent and greater than that of other 
treatments, while the increase due to these two most effective locally-sourced strains was 
comparable to, or greater than, application of 46 kg N ha-1 in soils, where the resident 
rhizobial population was ≤ 1.4 x 103 cfu g-1 soil. For soils with high background rhizobial 
populations, there was no nodulation response to inoculation. At one of the experimental sites 
(Bako), the percentage of N derived from the atmosphere (%Ndfa) was 55% for the 
commercial strain and 35% for a local isolate, Bradyrhizobium japonicum strain ES3. Field 
validation was observed to be a necessary step in the selection of acid tolerant strains of 
rhizobia, to increase soybean production in Ethiopia. 
Genetic diversity of twenty of the 55 acid tolerant isolates was determined by comparing their 
16S-23S internal transcribed spacer sequences. The acid tolerant strains were found to have 
high symbiotic and phylogenetic diversity, relative to the type strains. The acid tolerant 
strains were also shown to be phylogenetically distinct from most of the type strains used, as 
well as from most of the previously isolated Ethiopian soybean strains. However, multilocus 
sequence analysis of the core and symbiotic genes are required to determine their exact 
taxonomic position relative to Bradyrhizobium and other related genera. 
During acid tolerance screening of rhizobial isolates, P solubilising Bacillus spp. and a 
Pseudomonas sp. were isolated from soils that grew soybean. Selected phosphate solubilising 
strains significantly increased the soluble P relative to controls in liquid cultures containing 
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Al, Fe and Ca bound P sources. The increase in available P in the culture solution was 
accompanied by a decrease of up to 1.7 pH units in the culture media. Strains that dissolved 
the highest amount of P in liquid cultures were selected and tested in six field experiments in 
Ethiopia, in separate plots adjacent to the N fixation experiments. Field experiments where 
soybean was inoculated with phosphate solubilising organisms appeared to show trends of 
yield increases over the controls, but the increases were not statistically significant. As an 
example, among the inoculant strains, strain EPS1 resulted in an average yield increase of 
13.8% over the control that was not supplied with P. Further investigation of this strain in a 
new inoculant formulation, such as seed co-inoculation with an effective rhizobial inoculant 
would be worthwhile.  
Finally, the presence and abundance of soybean nodulating rhizobia and the N fixing 
effectiveness of soil rhizobial populations were tested in 55 soils collected from major 
soybean growing areas of Ethiopia, using the most probable number and whole soil 
inoculation techniques in a controlled environment. Rhizobial population estimates of the 
soils ranged from non-detectable to >1.5×104 cfu g-1 soil and 49% of the soils had rhizobial 
populations of <300 cfu g-1 soil. Soybean plants that received soil suspensions had shoot dry 
weights ranging between 45 to 142 mg plant-1, compared with 60 mg plant-1 when un-
inoculated and 136 mg plant-1 when inoculated with a reference strain (Bradyrhizobium 
japonicum strain CB1809). Comparison of shoot dry weights of plants inoculated with a 
reference bradyrhizobial strain (CB1809), soil suspensions or control treatments (un-
inoculated and not fertilized) showed that among soils with rhizobial populations of >300 cfu 
g-1 soil, 13% contained ineffective rhizobial populations, while 15% contained moderately 
effective and 72% of soils contained effective rhizobial populations. Soils from southwestern 
Ethiopia had larger and more effective rhizobial populations while soils from South Ethiopia, 
West Ethiopia, and Assossa areas mostly contained few and/or ineffective populations. 
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Therefore, widespread inoculation responses are unlikely in Southwestern Ethiopia, while 
extension efforts related to inoculation of soybean should be targeted to South Ethiopia, West 
Ethiopia, and Assossa areas to provide the greatest likely benefit. 
  
The results of this study are relevant to the soybean industry, inoculant companies, and the 
rhizobial inoculation programs of various governmental and non-governmental institutions in 
Ethiopia and potentially in other African countries with low soil pH where soybean is grown. 
Low soil pH and the population density of resident soil rhizobia are shown here to be 
important factors that have contributed to inconsistent responses to soybean inoculation in 
Ethiopia. The results showed soybean yield in acid soils can be improved as a result of 
selection and testing of new isolates from a combination of controlled environment screening 
and field evaluation. Genetic analysis has indicated effective rhizobia are not specific to a 
particular taxonomic group, or to a particular location, which indicates that an effective strain 
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Chapter 1   Introduction 
Ethiopia is an agrarian country, where 85% of the population directly participates in 
agriculture. The occurrence of diverse agro-ecological regions in Ethiopia allows the 
cultivation of several legume crops, with different adaptations. These legume crops are 
categorized as cool season legumes (e.g. lentil, faba bean, field pea, chickpea, grass pea, lupin 
and fenugreek) and mid- to low-altitude legume crops (e.g. haricot bean, mung bean, cowpea, 
and soybean). In the 2015/2016 cropping season, pulses were grown on 2.1 million hectares 
of land, accounting for 14.7% of the total cultivated land, with a total production of 3.5 
million t (CSA 2017). 
Legumes play a significant role in Ethiopian agriculture. The crop legumes (pulses) are 
important sources of cheap protein for the wider population and are consumed daily. The tree 
and forage legumes are used as a source of feed for animals and play a crucial role in 
maintaining soil fertility and preventing soil degradation. Additionally, legume crops are 
sown as a break crop to prevent disease in cereal crops, and to restore soil fertility when the 
soil nutrient supply declines due to repeated cultivation and due to low fertiliser inputs. 
Legume crop production is also used as a means of income generation for small holder 
farmers, and it is a significant source of income for the country (Atnaf et al. 2015).  
Among the crop legumes cultivated in Ethiopia, soybean is gaining popularity among small 
holder farmers and commercial soybean growers because of its local consumption as food and 
use in animal feed, and its use in industrial processing as food additives and supplements. It is 
also becoming an export commodity in the international market, making it a valuable crop for 
the country (Hailu and Kelemu 2014). Between 2002 and 2012, the cultivation of soybean in 




Despite soybean growing in importance in Ethiopia, its productivity is low at two t ha-1, 
(Bekabil 2015), being constrained by low soil fertility, limited agricultural inputs and lack of 
improved varieties (Bekabil 2015; Jaiswal et al. 2016). All these factors slow its wider 
adoption in the country (Hailu and Kelemu 2014). 
Improving the productivity of legume crops such as soybean is critical for improving the 
livelihoods of the population, the environment, and the economy of the country. Ethiopian 
soils are generally low in N and P (Haileslassie et al. 2005) while soybean has a high N 
demand (Herridge, 2002) and P deficiency severely limits N fixation . 1988). The occurrence 
of acid soils on 40% of the arable land of Ethiopia (Bekabil 2015) further limits crop 
production in the country. Low soil pH affects the legume crop, the symbiotic rhizobia and 
the function of the symbiosis in general (Giller 2001). Available P is limited in low pH soils 
due to precipitation with Al and Fe. In acid soils, P fertilisers have low efficiency due to 
reaction with these readily available cations, rendering P insoluble (Richardson 2001). In 
addition, low pH soils may have toxic concentrations of Al and Mn, while they are typically 
deficient in Ca, Mg, P, Fe and Mo, which further limits the symbiotic potential (Richardson 
2001; Indrasumunar et al. 2011). Fertilizers are prohibitively expensive for small holder 
farmers in Ethiopia and the application of alternative cheap microbial inoculants is currently 
being pursued to improve soil fertility. 
Application of inoculants to improve soybean N fixation and yield has been successful in 
Ethiopia (Aserse et al. 2012; Jefwa et al. 2014) but not in all growing areas (Aserse et al. 
2012). The reasons for inconsistent responses to soybean inoculation are not clear (Aserse et 
al. 2012) but were proposed to be due to poor adaptation of exotic inoculant strains (Aserse et 
al. 2012) or competition with soil resident rhizobial populations (Jaiswal et al. 2016). In 
contrast to the proposal that there are significant populations of soil rhizobia, it is considered 
that soybean nodulating rhizobia are generally absent from Ethiopian soils, based on limited 
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observations (Aserse et al. 2012) and taking into consideration that the crop was a recent 
introduction to Ethiopia (Abate et al. 2012).  
1.1.  Aims  
The purpose of this study was to evaluate the responses of soybean to inoculation with acid 
tolerant and phosphate solubilising microbes isolated from acid soils of Ethiopia. In addition, 
soils were sampled in key regions to assess the population densities of soil resident soybean 
nodulating rhizobia to understand the potential to improve soybean production through 
inoculation. Selected isolates of soybean rhizobia were collected from key regions to 
investigate the genetic diversity of rhizobia present in those soils. 
In this study we hypothesised that soil acidity and variable populations of rhizobia resident in 
soils accounted for the variable responses to soybean inoculation observed previously in 
Ethiopia. Therefore, soybean production in the acidic soils was hypothesised to be improved 
through the application of acid tolerant rhizobial inoculants and phosphate dissolving 
microbes. In addition, we hypothesised that soybean rhizobial populations would be of low 
genetic diversity, due to the limited introduction and a short history of cultivation. 
1.2.  Thesis structure 
The thesis is structured according to the questions listed in Figure 1.1; each question is 
addressed in the associated chapters. Chapter 1 provides a general introduction, states the 
purpose of the research and outlines the structure of the thesis. Chapter 2 reviews pertinent 
literature about the theoretical background to the research and methodologies of the 
experiments. Chapter 3 describes an investigation into the yield responses of soybean to 
inoculation with acid-tolerant strains. The genetic diversity of acid-tolerant rhizobial strains 
are analysed in Chapter 4. Chapter 5 examines the responses to inoculation of soybean with 
phosphate solubilizing bacteria. The abundance and effectiveness of soybean nodulating 
20 
  
rhizobial populations in Ethiopian soils is assessed in Chapter 6. In the general discussion, 
Chapter 7, the significance of results of the experiments conducted are presented in the 





























Figure 1.1. Thesis structure  
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Chapter 2   Literature Review 
2.1.  Biological N fixation 
Nitrogen is one of the most important macronutrients that is required for growth and 
reproduction of all life forms. It is an essential building block of nucleic acids, amino acids, 
ATP, chlorophyll and several enzymes needed to maintain physiological processes of living 
things (Newton 2004). Even though N is abundant in the atmosphere (78%), in its diatomic 
form (N2) only members of the bacteria and archaea are able to convert and utilise it. Other 
living organisms are not equipped with the ability to convert atmospheric N into a form 
available for plant growth.  
The process that converts diatomic N into its reactive forms (Nr) is termed N fixation. N 
fixation can occur naturally through the action of microorganisms (diazotrophs) and hence is 
called biological N fixation, or through lightning or through anthropogenic activity, such as 
the Haber-Bosch process or combustion of fuels and biomass (Vitousek et al. 2013).   
Industrial N fixation is an energy demanding process carried out at high temperatures (500-
800 °K and pressure (500 atm) (Howard et al. 1996). However, diazotrophs use an enzyme, 
nitrogenase, to catalyse the conversion of N2 into a reduced form under specific physiological 
conditions. The common and widely distributed nitrogenase enzyme, called Mo-nitrogenase, 
is a metalloprotein having two components, a Fe-protein component and Mo-Fe-protein 
component (Zhao et al. 2006). The first component is encoded by the nifH gene while the 
latter component is encoded by nifD and nifK, whereas the coordinated action of other genes 
is also required for the functioning of the enzyme (Yousuf et al. 2014). Three more 
genetically distinct and alternative nitrogenase systems have been identified. One has 
vanadium (V-nitrogenase) while another has Fe (Fe-nitrogenase) instead of Mo. The final one 
has Mo but contains additional sulphur and can function in the presence of O2 (Newton 2006; 
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Zhao et al. 2006; Masson-Boivin et al. 2009). Although the N fixation process is catalysed by 
the nitrogenase enzyme in diazotrophs, the process of N fixation is energy-intensive requiring 
the expenditure of 16 moles of ATP to convert one mole of N2 into two moles of NH3 (Cheng 
2008). 
The estimated global N fixation is 413 Tg N yr-1 (Vitousek et al. 2013). Biological N fixation 
is naturally carried out in terrestrial and marine ecosystems through free living, associative 
and symbiotic diazotrophs (Herridge et al. 2008). A recent review of estimates of such natural 
N fixation showed the contribution to be 198 Tg N yr-1 to the global amount of fixed N, while 
the contribution of lightning was estimated to be 5 Tg annually (Vitousek et al. 2013). Human 
cultivation of crops and pastures in agricultural systems fixes 50-70 Tg N annually, of which 
the main N fixers are the rhizobia in symbiosis with crop legumes and oilseeds that fix 21 Tg 
N yr-1; the rhizobial symbioses with pasture legumes and fodder legumes fix 12-25 Tg N yr-1 
(Herridge et al. 2008). Industrial N fixation through the Haber-Bosch process provides 120 Tg 
N annually and the combustion of fuels and biomass together are estimated to contribute 30 





Industrial and biological N fixation are the two most important processes that contribute 
significantly to the flux of Nr into the terrestrial ecosystem, contributing 120 and 118 Tg N yr -
1 respectively (Vitousek et al. 2013). Harnessing the efficient utilization of these two major 
processes is necessary to meet the growing world demand for agricultural produce in a 
sustainable manner (Herridge et al. 2008). Although industrial N fixation is the major source 
of fixed N for agricultural production, its economic and environmental impacts are extremely 
large as discussed below, and efforts are needed to efficiently exploit and enhance the 
biological N fixation process (Herridge et al. 2008; de Vries et al. 2012).  
2.2.  Industrial inputs and sustainability  
The United Nations estimate that the world’s population will reach 8.9 billion people by 2050 
(Nelson et al. 2010). This indicates the scale of the challenge to increase agricultural 
production. In the past half century, the ‘Green Revolution’ has helped to meet the food 
requirements of fast-growing populations in many countries (Dyson 1999). More effective use 
of fertilizers and pesticides, improved germplasm, improved agronomic management, and 
extended use of irrigation have contributed to the success of the ‘Green Revolution’, resulting 
in hunger reduction and improvements in nutrition and have, in addition, limited the rapid 
conversion of ecosystems into farming land (Tilman 1998; Vance 2001; Adesemoye et al. 
2009). 
Applications of higher amounts of fertilizers and pesticides in intensive agriculture have 
resulted in a series of environmental and economic problems in past decades (Cakmak 2002). 
Erosion and leaching of surface soil, loss of fertility, contamination of surface and ground 
water bodies, eutrophication, emission of greenhouse gases, loss of diversity in plants, 
microorganisms and insects, spread of plant diseases and parasites are among the main 
agronomic and environmental problems (Tilman 1998; Vance 2001; Sing et al. 2011; Kaur et 
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al. 2013). Currently, claims of nutritional quality and health issues related to the use of 
fertilizers are being raised (Reganold et al. 1990; Carey Jr 2009; Shi et al. 2010). 
On top of their profound environmental impacts, chemical fertilizers are expensive, costing 
agriculture more than $45 billion per year (Ladha et al. 1997); their unit cost is increasing 
each year in due to the high energy demand of production and transportation, and they are 
becoming less available to subsistence farmers in developing countries (Chianu et al. 2010). 
Production of N and phosphorus fertilizers depends on non-renewable resources and their 
supply is not sustainable in the long term (Dima et al. 1997; Richardson 2001). Consequently, 
the common trend of world agriculture in past decades has shifted from a focus on improving 
genotypes and increasing productivity using intensive inputs, to emphasizing sustainability 
(Peoples et al. 1995). Sustainable agriculture attempts to effectively use and manage natural 
resources to meet current human needs, without compromising the ecosystem for future 
generation use (Lal 2009) while intensive agriculture does not have this as an explicit aim. 
2.3.  Microbial Inoculants in sustainable agriculture 
2.3.1 Microbial inoculants / Biofertilizers definition  
The term “Microbial inoculants” is often used interchangeably with “biofertilizers”. However, 
there is no standard definition for the term ‘‘biofertilizers’’. Among the various definitions 
given to the term ‘‘biofertilizers’’ (Bashan 1998; Vessey 2003; Bünemann et al. 2006; Ahmad 
et al. 2008), is a broader definition by Fuentes-Ramirez (2006 p.144) as follows: “a product 
that contains living organisms that exert direct or indirect beneficial effects on plant growth 
and crop yield through different mechanisms”. This definition is adhered to in this thesis and 
the term “microbial inoculant” is used interchangeably with the same definition. In addition, 
the microorganisms in microbial inoculants are termed plant growth-promoting rhizobacteria 
(PGPR). PGPR are generally defined as “rhizosphere bacteria that can enhance plant growth 
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and protect plants from disease and abiotic stresses through a wide variety of mechanisms” 
(Souza et al. 2015 p.401). However, a recent definition by Mus et al. (2016) excludes nodule 
forming N fixers (rhizobia and Frankia) while applying it to all other organisms that enhance 
plant growth including associative and free-living N fixers as a subset of PGPR.  
Exploitation of microbial technologies is considered as an alternative approach to help 
overcome the environmental, economic and supply constraints of chemical fertilisers, while 
ensuring a sustainable increase in production. According to Higa et al. (1994 p.6) ‘‘beneficial 
and efficient microorganisms applied as soil, plant and environmental inoculants hold the 
greatest promise for technological advancement in crop production, crop protection, and 
natural resource conservation’’. Hence microbial inoculants are considered as one of the 
major components of these technologies and there is a growing need to use beneficial 
microorganisms in the form of microbial inoculants either alone, or in combination with lower 
rates of chemical fertilizers to improve the nutrient use in low input systems (Vessey 2003; 
Adesemoye et al. 2009).  
2.3.2 Microbial inoculants versus inorganic inputs 
Microorganisms in inoculants can provide N to farming systems, mediate the transformation 
of important nutrients (e.g. P) from insoluble to more soluble forms, and enhance efficient 
recycling of organic matter (Kaur et al. 2013). In contrast to chemical fertilizers, inoculant 
production technology is relatively simple and fermenter installation cost is low, and the 
technology uses renewable natural resources (Chen et al. 2006), hence their cost is affordable 
to subsistence farmers in developing countries (Chianu et al. 2010). Cost of transportation of 
inoculants is another advantage over chemical fertilizers, as inoculants are usually produced 
in small packs that are applied to large areas; this is particularly important for developing 
countries with limited transport infrastructure (Chianu et al. 2011). On the other hand, special 
cool storage conditions or handling instructions might need to be provided. Microbial 
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inoculants are also found to improve the nutritional quality of plant products in comparison to 
chemical fertilizers, as demonstrated in lettuce (Baslam et al. 2011), Moringa (Zayed 2012) 
and in other organic produce (Worthington 2001; Savita 2007). Hence the scientific 
endeavour devoted to exploiting this technology is justifiable from environmental, social and 
economic points of view. 
2.3.3 Microbial inoculant types and function 
Many species of PGPRs are found in association with plant roots in the rhizosphere and can 
enhance plant growth via mechanisms including N fixation, phosphate and potassium 
dissolution, and phytohormone and siderophore production. (Vessey 2003; Velivelli et al. 
2014; Gupta et al. 2015; Souza et al. 2015; Ambrosini et al. 2016). 
2.4.  Biological N fixing organisms 
The world terrestrial agricultural ecosystem receives 118 Tg of fixed N annually from 
biological N fixation (Vitousek et al. 2013). The N fixing microbes, diazotrophs are widely 
distributed among phylogenetically diverse groups. Often, the only common characteristic 
among these diazotrophs is having the enzyme nitrogenase (Newton 2006; Yousuf et al. 
2014). The nifH gene that codes for nitrogenase is usually used to study the phylogeny, 
diversity, and abundance of diazotrophs (Yousuf et al. 2014), and it is used for the estimation 
of populations of non-culturable diazotrophs (Van Dommelen et al. 2007). The culturable 
diazotrophs are grouped into free-living (those living without association), associative (living 
in close association with plants) and symbiotic N fixers (those that live inside plants forming 
a specialized structure, the nodule) based on their lifestyle (Newton 2006). 
The microorganisms that are found in plant tissue are generally called endophytic 
microorganisms (endosymbionts) (Mus et al. 2016).  
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2.5.  Rhizobia 
Among the microorganisms that fix N, rhizobia are known to be the most efficient 
diazotrophs (Hassen et al. 2016). The rhizobia association with crop legumes (pulses and oil 
seed legumes) and pasture legumes fix 21 Tg and 12-25 Tg N, respectively, per annum, while 
the non-symbiotic N fixers altogether fix <24 Tg N annually into the terrestrial agricultural 
systems (Herridge et al. 2008).  
Rhizobia are gram negative rod-shaped soil bacteria that form nodules on the roots or stems 
of legumes (Loureiro et al. 1995; Martins et al. 2015) and fix N symbiotically (Willems 
2006).  
2.5.1 Techniques to study rhizobial diversity 
Large diversity in rhizobial populations have been documented (Martínez-Romero et al. 
1996). Phenotypic (classical) characteristics of rhizobia including morphology, biochemical, 
physiological, and serological characteristics of rhizobia, together with host specificity, were 
used as means to identify, characterise and classify rhizobia (Vandamme et al. 1996; Nick 
1998). Accordingly, rhizobial population diversity was observed among strains isolated from 
a single host species grown in different environments, among strains isolated from different 
hosts grown in the same environment, and among strains isolated from different hosts in 
different environments (Pongsilp 2012). Even cultivars of the same host species grown in a 
given environment have been shown to be nodulated preferentially by different rhizobial 
populations (Collins et al. 2002). However, the methods used had reproducibility issues and 
low discriminatory power to clearly distinguish rhizobia from each other and from other soil 
bacteria. Historically, grouping of legumes/rhizobia based on host specificity (cross 
inoculation grouping) was abandoned (Wilson 1944) as strains with very wide host-range, 
such as Rhizobium sp. NGR234 which has a host range as large as 120 legume specie were 
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identified. In addition, legumes like soybean and common bean are found to be infected by 
more than one genetically different rhizobial strain (Sessitsch et al. 2002).  
Studying such a wide diversity of agriculturally important beneficial microorganisms could be 
difficult when based only on classical characteristics of the rhizobia (Thies et al. 2001). 
Understanding the diversity and phylogeny of rhizobia is currently more easily obtained using 
several genetic methods (Thies et al. 2001; Pontes et al. 2007). A list of molecular techniques 
used in the study of diversity and taxonomy of rhizobia is given in Table 2.1. However, each 
of the techniques has a drawback as reviewed in Lagos et al. (2015); for example, those 
techniques used to study bacterial community were able to capture only dominant groups in a 
community. In identifying rhizobia at strain level, specifically bradyrhizobia, sequencing 16s-
23s rRNA region gave similar results to DNA-DNA hybridization, which is considered as a 
gold standard in identifying microorganisms. Hence, sequencing 16s-23s rRNA region is used 




Table 2.1. Molecular markers and methods used at different taxonomic levels of resolution in the study of 
microorganisms. 
 (Adapted from Thies et al. (2001)). 
Level of resolution Target  Method Reference 
Community DNA 16S rDNA T-RFLP Clement et al. (1998) 
 16S rDNA DGGE Vallaeys et al. (1997) 
Genus 16S rDNA TGGE Heuer et al. (1999) 
 16S rDNA PCR, sequencing Ludwig et al. (1998) 
 16S rDNA T-RFLP Clement et al. (1998) 
 23S rDNA PCR, RFLP Terefework et al. (1998) 
Species 16S rDNA PCR, ARDRA, RFLP Vinuesa et al. (1998) 
 16S-23S rDNA IGS PCR, RFLP Frémont et al. (1999) 
Strain Rep elements PCR-fingerprinting Niemann et al. (1999) 
 RAPDs PCR-fingerprinting Paffetti et al. (1998) 
 Directed primers PCR-fingerprinting (Hebb et al. 1998) 
 GC-rich arbitrary PCR 
primers 
PCR-fingerprinting González‐Andrés et al. 
(1998) 
 16S-23S rRNA, PCR, sequencing Willems (2006) 
Gene: plasmid nif or nod genes Nested PCR Widmer et al. (1999) 
 nifH gene PCR, RFLP Chelius et al. (1999) 
 nfeA gene PCR Hartmann et al. (1998) 
Gene: chromosome  dct or recA genes Targeted PCR-fingerprinting Perret et al. (1998) 
 





Level of resolution Target  Method Reference 
 leghemoglobin genes FISH Uchiumi et al. (1998) 
Gene: plasmid or 
chromosome 
gusA or lacI markers Introduced marker gene 
technique 
Wilson et al. (1999) 
All levels Specific DNA sequences Subtractive hybridisation Cooper et al. (1998) 
 Core genes Multilocus sequence analysis 
(MLSA) 
Zeigler (2003), Mousavi 
et al. (2015) 
 homologous genomes Average nucleotide identity 
(ANI) 
Konstantinidis et al. 
(2007), Rashid et al. 
(2015) 
 Combination of rhizobial 
characteristics: Classical 
(Phenotypic, physiological, 
biochemical) and genetic 
characteristics including 
G+C content, DDH, rRNA 
sequences, FAME profiles) 
Polyphasic taxonomy  O'Hara et al. (2016), 
Vandamme et al. (1996) 
 Whole genome sequence Genotaxonomy Ormeno-Orrillo et al. 




2.5.2 Rhizobia taxonomy 
Rhizobial taxonomy has been refined over time as techniques used to characterize rhizobia 
have improved and new symbiotic legumes have been investigated (Berrada et al. 2014; 
Shamseldin et al. 2017). All legume-nodulating rhizobial strains were initially categorized 
under the genus Rhizobium consisting of only six species (Somasegaran et al. 1985). Just over 
a decade ago, rhizobia were categorized under six genera (Sylvia et al. 2005) including 
Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and 
Sinorhizobium. After several reshufflings within the groups and addition of new groups 
(Sylvia et al. 2005; Willems 2006; Rivas et al. 2009; Zhang et al. 2012; Mousavi et al. 2014; 
Mousavi et al. 2015; Ormeno-Orrillo et al. 2015), rhizobia are currently classified into 238 
species in 18 genera and two super clades of α-proteobacteria and β-proteobacteria 
(Shamseldin et al. 2017).  
Only 23% of the nearly 19,300 species of the legume family Fabaceae (Andrews et al. 2017) 
have been studied for their symbiotic association with rhizobia; identification of new rhizobial 
groups in the future is highly likely (Berrada et al. 2014). 
2.5.3 Nodulation 
Both the process of nodule formation and signal transduction between the symbionts have 
been reviewed intensively (Sprent 2007; McAdam et al. 2017; Demidchik et al. 2018; 
Diédhiou et al. 2018) and only a brief account of the process is presented. Nodulation of 
legumes by rhizobia is a result of chemical signalling between the two partners. The host 
plants initiate nodulation by sending out signalling molecules (flavonoid) (Nelson et al. 2015) 
during N limiting conditions (Masepohl et al. 2007). The molecular dialog between the 
partners can be nod factor (NF) dependent or independent (Giraud et al. 2007; Masson-Boivin 
et al. 2009; Bonaldi et al. 2011; Gourion et al. 2015). In the NF dependent signalling, the 
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inducer molecules released by the plants can be either flavonoids (including luteolin, 
methoxychalcone, naringenin, or daidzein) or non-flavonoid inducers (trigonelline or 
stachydrine) (Long 1996). Once signalling molecules reach the rhizobial cells, they initiate 
transcription of nod genes (nodABC) to form nod factor (NF), a lipochitooligosaccharide 
(LCO). The NF is recognised by receptor-like kinases of the epidermal cells (Oldroyd 2013) 
of the root, and initiates the formation of infection threads (ITs) through which the bacterial 
cells enter into the cortical cells of the root. While the cortical cells grow into the nodule 
structure, certain cells inside the growing nodule engulf the rhizobial cells and encircle them 
with a peribacteriod membrane (Simms et al. 2002), resulting in organelle like structures, 
symbiosomes (Downie 2014) with differentiated bacteroids inside, ready to fix N. Both the N 
fixed by the bacteroids and the carbohydrate from the plant can cross the peribacteroid 
membrane. 
In the molecular dialogue between legumes and their rhizobia, there are points of control at 
different levels of the interaction to ensure correct matching between the groups of host plants 
and the specific rhizobial species or strains with which the legumes form a symbiosis 
(specificity) (Simms et al. 2002; Oldroyd 2013; Andrews et al. 2017). The first level of 
specificity regulation is the secretion of specific flavonoids by the legume (Wang et al. 2012) 
that will be recognised by only specific species or strains of rhizobia. The specific flavonoids 
that are recognised by the rhizobial transcription regulator (NodD) trigger the production of 
NF. NFs differ in their primary structure and in their decorations or functional groups and 
only a specific type of NF that is recognised by the plant can induce root hair curling, 
infection thread formation, and nodule organogenesis. This is the second point where 
specificity is maintained in the host-microsymbiont interaction. Further specificity control by 
the plant is carried out during the movement of the rhizobia through the infection thread and 
their release into the cortical cells of the roots (Simms et al. 2002; Wang et al. 2012). The 
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plants recognise the surface polysaccharides of the bacteria through the release of receptor 
lectins, in which case the correct rhizobia are allowed to multiply, are released into cortical 
cells and differentiate (Simms et al. 2002).   
During NF-independent signalling, the rhizobial cells enter through cracks of the root or 
directly through junctions of root epidermal cells (Ardley et al. 2013; Czernic et al. 2015). 
Nodule organogenesis might be initiated via auto-activation of the legume independent of the 
rhizobial inducer (Gleason et al. 2006) or due to the accumulation of cytokinin-like 
compounds released by the rhizobia (Masson-Boivin et al. 2009). However, the exact nature 
of the initial plant inducers that attracts rhizobia is yet to be determined (Masson-Boivin et al. 
2009).  
2.6.  Factors affecting response to rhizobial inoculants 
Improving global N fixation by 10% would result in an economic return close to US$ 1 
billion annually (Herridge et al. 2000). One way of improving N fixation in farming systems 
is through inoculation of legumes with effective N fixing strains (Brockwell et al. 1988; 
Brockwell et al. 1989; Sessitsch et al. 2002). However, inoculation doesn’t always result in 
increased N fixation in legumes (Thies et al. 1991; Singleton et al. 1992) due to factors related 
to technology and quality of inoculants (Brockwell et al. 1995), biotic and abiotic factors that 
interact with both the inoculant strain and the host plant (Hungria et al. 2000; Giller 2001; 
Sessitsch et al. 2002; Vuong et al. 2017).  
2.6.1 Inoculant delivery method 
Currently, commercial inoculants are available for seed inoculation, usually to be applied in 
the form of slurry or suspension, or for soil application (in-furrow application) either in 
granular or liquid forms (Deaker et al. 2004; Denton et al. 2017). Although each method has 
its merits and disadvantages (Brockwell et al. 1995; Brockwell et al. 1995; Denton et al. 2007; 
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Drew et al. 2012; Deaker et al. 2016), their suitability to the environmental conditions, and 
the crop type needs to be considered (Denton et al. 2017). Novel formulations of carrier 
material that can maintain high populations of the inoculant strains upon storage and on seeds 
is a valuable research area, with significant gains to be made (O’Callaghan 2016). 
2.6.2 Inoculant quality 
Many of the inoculants produced worldwide have been of poor or substandard quality 
(Brockwell et al. 1995; Lupwayi et al. 2000; Catroux et al. 2001; Bullard et al. 2005) due to 
low populations of inoculant strains resulting from either contamination, toxic effects of the 
carrier material or poor storage conditions. A national independent regulatory body is 
important to ensure that growers receive quality products and to avoid dissemination of 
contaminants or ineffective strains into the environment (Brockwell et al. 1995; Lupwayi et 
al. 2000; Deaker et al. 2016) 
2.6.3 Competition for nodulation 
Competition for nodulation and nodule occupancy between the inoculant strain and the soil 
resident rhizobial population (which may be ineffective or less effective) is a common 
challenge for inoculation programmes around the world (Brockwell et al. 1982; Denton et al. 
2000; Hungria et al. 2000; Brockwell 2001; Sessitsch et al. 2002; Wielbo 2012).  
Clear understanding of the mechanisms of interactions among competing strains in the soil 
and strains of inoculants for nodulation of the host plant is lacking, however, interventions to 
manage the competition problem are based on the assumption that successful nodulation is a 
result of numerical dominance (Thies et al. 1991; Brockwell et al. 1995; Sessitsch et al. 
2002). Based on this assumption, a number of conventional and genetic approaches to 
understanding competition have been used, at least in controlled conditions, as reviewed by 
Sessitsch et al. (2002). As indicated in Sessitsch et al. (2002), the techniques focus on 
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increasing competitiveness of the required rhizobia through selection traits that would render 
competitive advantage over the resident populations or using management practices that 
would favour the target strain to get numerical advantage for nodulation. Among the 
mentioned techniques, selection of acid tolerant rhizobia helps to maintain rhizobia 
population needed for nodulation and nitrogen fixation under acid stressed soils.  
2.6.4 Environmental factors affecting inoculation response 
The effect of environmental factors on both the symbionts and the N fixing process has been 
reviewed in some detail previously (Zahran 1999; Slattery et al. 2001; Sadowsky 2005; 
Andrés et al. 2012; Lebrazi et al. 2014). 
The selection and development of stress tolerant strains have contributed to increasing legume 
production and N fixation in several crops. Examples include acid tolerant strains nodulating 
common bean (Graham et al. 1982), annual medic (Howieson et al. 1986) and soybean 
(Hungria et al. 2000). Similarly, high temperature (40 °C) tolerant common bean nodulating 
rhizobia (Hungria et al. 1993) and salt tolerant soybean rhizobia (Elsheikh et al. 1995) have 
been reported. Consequently, it is noted that low pH inhibit the signalling between rhizobia 
and legume partner as indicated by Richardson et al. (1988) and Hungria and Stacey (1997) 
which critically affects nodulation and nitrogen fixation. When the rhizobia are exposed to 
low pH, they undergo structural and physiological changes to adapt the new environment as 
reviewed by Lebrazi and Benbrahim (2014) that ultimately affect the symbiotic nitrogen 
fixation. Hence, to improve nitrogen fixation under low pH, screening acid tolerant strains 




2.7.  Biological N fixation in soybeans 
2.7.1 Soybean use and world production 
Soybean is one of the most valuable and versatile crops in the world. It is a cheap source of 
quality protein for both human consumption and animal feed and is used in the production of 
numerous products including biodiesel blends, inks, plasticizers, paints and cosmetics 
(Cahoon 2003; Erickson 2015). Twentynine percent of the vegetable oil in the world market 
is produced from soybean, and hence it is considered as an important oilseed crop (USDA 
2017). 
Due to the demand for soybean products, production has increased worldwide by an average 
of 4.6% annually from 1961 to 2007 (Masuda et al. 2009). Annual production of soybean was 
351.74 million metric t in 2016/17 and 312.87 million metric t in the 2015/16 cropping season 
(USDA 2017). In 2016/17, the world average yield for soybean was 2.92 metric t per hectare, 
while it was 3.5 for USA and 3.36 for Brazil (USDA 2017). Soybean production was 
predicted to continue growing at an annual rate of 2.2% and reach 370 million metric t by 
2030 (Masuda et al. 2009). However, soybean production is low in Africa, and well below 2 t 
per hectare particularly in Sub Saharan soybean-growing countries. An example, Uganda’s 
average yield was 0.6 t per hectare in 2016/17 (USDA 2017).  
2.7.2 Soybean biological N fixation 
Among cultivated annual legume crops, soybean fixes the largest amount of N, up to 450 kg 
N ha-1 (soybean harvested from 67.6 x106 ha of different countries) (Unkovich et al. 2000). In 
good field conditions, soybean fixed over 300 kg N ha-1 at Washington (Bezdicek et al. 1978; 
Keyser et al. 1992), hence farming systems that include soybean have a lower requirement for 
N fertilizer (Sinclair et al. 2014). This high N fixation capacity of soybean is related to its 
higher physiological N demand as it produces seeds with high N content (Pagano et al. 2015). 
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Recent estimates showed that soybean contributes up to 10.4 Tg N annually to the world 
agricultural system (Hungria et al. 2005; Gelfand et al. 2015). 
Soybean is estimated to fulfil its 50-60% of its N demand from N fixation. Other estimates 
from Brazil also showed that it can fulfil up to 80% of its physiological (Alves et al. 2003) 
demand from N fixation. Application of 50 kg N ha-1 either at sowing or at pod filling stage 
when N fixation is thought to slow down did not affect N fixation and yield of soybean have 
shown that it has no effect (Zapata et al. 1987; Albareda et al. 2009) and the current 
recommendation of application of 50 kg N ha-1 for North America is questionable (Gelfand et 
al. 2015). Higher amounts of nitrates are known to affect nodule formation, function and N 
fixation in soybean (Saito et al. 2014) and application of N to soybean is generally considered 
unnecessary and harmful to the environment (Gelfand et al. 2015).  
2.7.3 Soybean nodulating rhizobia 
Several strains of rhizobia forming a symbiotic association with soybean have been reported 
in Bradyrhizobium genera, while few strains are also identified from Sinorhizobium and 
Mesorhizobium genera. Based on their growth rate and taxonomic position, slow growers 
such as B. japonicum, B. ottawaense and B. diazoefficiens (Jordan 1982; Delamuta et al. 
2013; Yu et al. 2014), fast growers such as S. fredii (Chen et al. 2000; Hungria et al. 2001) 
and S. xinjiangense (Peng et al. 2002) are identified. Species with variable generation time are 
also reported, such as M. tianshanese (Chen et al. 1995). While the taxonomic positions of the 
above-mentioned species are already determined, distinct species that need further description 
are reported from different regions of the world (Vinuesa et al. 2008; Appunu et al. 2009; 
Zhang et al. 2011; Aserse et al. 2012). 
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2.7.4 Soybean production and N fixation in Ethiopia 
Soybean is a recently introduced crop in Ethiopia (Abate et al. 2012). Due to a growing 
demand for local consumption and for the export market (Hailu et al. 2014) the area of land 
allocated for its production is expanding quickly, with the total yield of 1600 t in 2002 to 
61,000 t in 2014 (Bekabil 2015). However, the productivity of the crop is low in small holder 
farms (CSA, 2012). Due to the involvement of commercial farmers and technology 
dissemination efforts, it was only in 2014 that the national average was raised to 2 t per ha in 
Ethiopia (Bekabil 2015). 
Among the factors contributing to low soybean yield in Ethiopia, limited access to improved 
varieties, inorganic fertilizers, and low soil fertility are the major ones (Atnaf et al. 2015; 
Jaiswal et al. 2016). In particular, Ethiopian soils are low in N and P due mainly to erosion 
(Haileslassie et al. 2005) and there are large areas (40%) covered with low pH soils (Schlede 
1989). Hence efficient crop production, including soybean, is a major challenge as 
agricultural inputs are limited. 
There is a growing need to use soybean rhizobial inoculants to improve soybean production in 
Ethiopia. Imported commercial inoculants have shown improved yields in some areas of the 
country (Solomon et al. 2012; Jefwa et al. 2014); however, the results were inconsistent for 
different locations and the reasons for this are not clear (Aserse et al. 2012). Lack of 
adaptation of the imported strains for the local conditions (Aserse et al. 2012) or competition 
with indigenous rhizobial populations (Jaiswal et al. 2016) were proposed as possible reasons. 
However, the presence of indigenous soil rhizobia population has not been systematically 
addressed, and there was even an assumption that soybean nodulating rhizobial populations 
might be absent from Ethiopian soils as the crop is a recent introduction (Aserse et al. 2012). 
Therefore due to the growing demand of the crop and the limited fertiliser supply in the 
40 
  
country, utilising rhizobial inoculant more widely and effectively would be beneficial for the 
soybean industry in the country.  
In order to effectively utilise the benefit of N fixation in Ethiopia, assessment of the 
population distribution of soybean rhizobia in agricultural soils and selection of acid tolerant 
effective strains are crucial. 
2.7.5 Assessment of resident soil population size and effectiveness  
Previous experiments indicated that inoculation with compatible rhizobia was necessary to 
improve nodulation and yield of soybean where the crop is introduced into tropical soils in 
which the associated rhizobia are naturally absent or low in number (Caldwell and Vest, 
1968). In places where sufficient numbers of effective bradyrhizobia are present, soybean 
achieves satisfactory yields (Bhangoo et al. 1976; Abaidoo et al. 2007). 
The population size of effective rhizobia that are resident in a soil is a reliable predictor of the 
need to inoculate a legume (Brockwell et al. 1988; Thies et al. 1991). Determining the 
effectiveness of indigenous rhizobial populations can be a lengthy process that typically 
involves isolation of representative strains and screening their effectiveness in 
microbiologically controlled environments (Brockwell et al. 1988). Conversely, the use of 
agronomic trials to determine the need for inoculation is often limited by soil heterogeneity, 
climatic variability and statistical interpretation (Singleton et al. 1992). Hence, there are 
limitations to both microbiological and agronomic procedures for determining the need for 
inoculation. 
Assessment of the symbiotic effectiveness of a population of soil rhizobia can be more 
accurately and quickly performed in the laboratory or greenhouse using the “whole soil 
inoculation” technique, developed by Brockwell et al. (1988). The whole soil inoculation 
technique involves inoculating plants that are grown aseptically in pots receiving N-free 
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nutrient solution with a suspension of the test soil. The whole soil inoculation technique, 
coupled with determining the number of rhizobia per gram of soil via the MPN technique, 
provides an assessment of the need for inoculation (Denton et al. 2000).  
2.7.6 Screening of acid tolerant rhizobia 
Agricultural production in acid soils is mainly constrained by toxic concentrations of H+, Al, 
and Mn, and deficiencies in Ca, Mg, P, Fe and Mo (Richardson 2001; Indrasumunar et al. 
2011). Thus, legume production in acidic soils is constrained by these acidity related 
problems affecting the growth of the legume, the persistence and effectiveness of rhizobia, the 
nodulation process and the function of the symbiosis in general (Date et al. 1979; Howieson et 
al. 1986). 
Amelioration of soil acidity problems by the addition of lime is expensive (Foy et al. 1987). A 
relatively cheaper approach to tackling the problem is a selection of tolerant crops (Taylor 
1991) and/or their associated microorganisms (White 1966). Successful selection of acid and 
aluminium tolerant strains of soybean nodulating rhizobia from Brazil soils have been 
reported (Hungria et al. 2000). Similarly, acid tolerant rhizobia for common bean (Vargas et 
al. 1988) and for Medicago (Howieson et al. 1986) were selected from soils and resulted in 
significant yield increase in acid soils. Many researchers have attempted to identify acid 
tolerant strains of rhizobia for forage and food legumes using laboratory based protocols 
(Date et al. 1979; Keyser et al. 1979; Wood et al. 1984; Howieson et al. 1986).  
The media developed for acid tolerance screening were mainly liquid and were not efficient 
for screening large numbers of isolates. Ayanaba et al. (1983) used solid media based on a 
liquid medium previously devised by Keyser et al. (1979) to manage a large number of 
strains. Media developed for screening acid tolerance vary either in the concentrations of Al, 
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Mn, Ca and P (Keyeser et al. 1979; Ayanaba et al. 1983; Richardson et al. 1988; Howieson et 
al. 1988; Gemell et al. 1993).  
The majority of laboratory screening programs have not been translated into the field and 
some of them that tried to do so failed to repeat the laboratory result in the field soil 
environment (Howieson et al. 1988; Indrasumunar et al. 2012) as the screening media used 
were not good simulators of the soil environment. Recently, Indrasumunar et al. (2012) 
compared previously developed acid tolerance screening media and determined that (Gemell 
et al. 1993) agar media was suitable for the quick and efficient screening of acid tolerant 
rhizobia for soybean. While Indrasumunar et al. (2012) validated the survival and 
multiplication of the laboratory screened acid tolerant strains through estimating populations 
in sterilized acid soils, their nodulation in acidic soil environments was suggested to be an 
avenue for future exploration.  
2.8.  Phosphate solubilising microorganisms  
Phosphorus (P) one of the macronutrient required by plants in large quantities and often limits 
crop production. Despite its abundance in the soil as organic and inorganic forms, P is often 
found in forms that are not accessible for plants (insoluble) as P precipitates with other 
inorganic ions or is locked in organic compounds. In acidic soils, P is usually bound with iron 
(Fe) or Aluminium (Al), while in alkaline soils, P is predominantly associated with calcium 
(Khan et al. 2009).  
Phosphatic fertilizers are often applied to amend the deficiency of P. However, the cost of 
such fertilizers is continuously increasing as it requires high energy and as the raw materials 
are in competition with other industries. In addition, the deposits of quality phosphate rocks 
are finite. P use efficiency is very low and it is estimated that plants can use only up to 25% of 
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applied P fertilizers. On top of that, the fertilizers can have negative environmental impacts 
(Richardson 2001; Khan et al. 2009; Vitorino et al. 2012). 
Phosphate solubilising microorganisms (PSM) are being considered to alleviate the deficiency 
of available P in soils, as they have the capability of dissolving the plant inaccessible 
insoluble P pool in the soil (Richardson 2001; Khan et al. 2009; Vitorino et al. 2012; Saharan 
and Nehra 2011). A large number of laboratory and greenhouse experiments have shown 
phosphate solubilisation traits of selected organisms applied either in pure form or in 
combination with other beneficial bacteria (Cattelan et al 1999; Vikram et al. 2007; Tauran et 
al. 2010; Viruel et al. 2011). 
Most research has focused on the in vitro solubilisation properties of PSM either singly or 
with other microorganisms. Consistent results from field evaluation of phosphate solubilising 
bacteria have not been widely reported compared to laboratory evaluations (Richardson 2001; 
Khan et al. 2009; Bashan et al. 2013). It is suggested that laboratory procedures and methods 
commonly used to select P mobilizing organisms might not be appropriately related to their 
effect in soil (Richardson 2001).  
A common laboratory medium used to isolate PSM contains tri calcium phosphate (TCP). 
However, isolation of such microorganisms needs to take into consideration the characteristic 
of the soils on which they will be applied; PSMs isolated from alkaline soils to solubilise TCP 
may not solubilise FePO4 or Al(H2PO4)3 as found in low pH soils (Bashan et al. 2013). 
Vitorino et al. (2012) showed the ability of such organisms to solubilise FePO4 using Reyes 
Basal Media while Marra et al. (2012) used GELP media to test the solubilisation of P from 
inorganic CaHPO4, Al(H2PO4)3 and FePO4.2H2O.  
Further limitations in increasing field efficacy of PSMs are a lack of clear understanding of 
the mechanisms of P solubilisation, environmental factors involved in the process and lack of 
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knowledge in the development of appropriate carrier materials. Publications showing 
phosphate solubilisation efficiency of PSM on common laboratory media are increasing. 
However, Bashan et al. (2013) proposed that such research activities should consider the 
amount of acid production, the amount of phosphorus solubilised in liquid media and that the 
activities should include rigorous field testing. 
2.9.  Summary 
Microbial inoculants are attractive from environmental and economical points of view. 
Application of microbial inoculants will contribute to the wider adoption of soybean as cheap 
source input for small resource limited small holder farmers in Ethiopia. However, the limited 
reports on soybean have shown inconsistent responses to inoculation in Ethiopia. Assessing 
the rhizobia population distribution in soybean growing regions of Ethiopia will assist further 
inoculation efforts. The majority of soybean growing soils in Ethiopia are acidic. Selection of 
acid tolerant and locally adapted N fixing strains can potentially improve soybean yield in 
acid soils. P is also limiting in acid soils, which in turn impacts N fixation, hence P 
solubilising bacterial inoculation can enhance soybean N fixation in acid soils.  
The purpose of this thesis is, therefore, to address the questions: 
 Do locally adapted acid tolerant rhizobial isolates improve soybean yield in 
acid soils of Ethiopia? (Chapter 3) 
 Do microorganisms that solubilise phosphate in vitro improve soybean yields 
in field conditions in acid soils of Ethiopia? (Chapter 4) 
 Do Ethiopian soils harbour soybean nodulating rhizobial populations that can 
influence responses to inoculation? (Chapter 5) 
 How diverse are acid tolerant soybean nodulating rhizobial isolates from 
Ethiopian soils? (Chapter 6) 
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Chapter 3   The potential for rhizobial inoculation to increase 
soybean grain yields on acid soils in Ethiopia 
Chapter three consists of an article published from this thesis, which investigates the yield 
responses of soybean to inoculation with acid-tolerant strains in acidic soils of Ethiopia. A 
summary of the manuscript is provided, followed by a statement of authorship and then the 
published paper. 
3.1.  Manuscript summary 
Based on controlled environment assessment of acid tolerance and symbiotic effectiveness, 
selected strains and a commercial inoculant were evaluated for their impact on yield of 
soybean. Acid tolerant commercial inoculant was found to consistently increase yield while 
two of the four locally selected strains resulted in similar or better yield than the application 
of 46 kg N ha-1 in places where the resident populations were ≤ 1.4 × 103 cfu g-1 soil.  
 
3.1.1 Context 
To enhance soybean N fixation in acidic soils, the identification of symbiotically efficient and 
acid tolerant strains is crucial. Improved N fixation was achieved with such an effort with 
soybean in Brazil (Hungria et al. 2000), Medicago in West Australia (Howieson et al. 1991) 
and common bean in South America (Sadowsky et al. 1998). The existence of a large expanse 
of soybean growing land predominantly acid soils (40%) is proposed to contribute to 
inconsistent soybean response to inoculation in Ethiopia. Investigating the performance of 
soybean under inoculation in acid soils of Ethiopia will contribute to maximise the benefit of 
biological N fixation.  
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3.1.2 Research objective 
Evaluating the field efficacy of locally adapted and acid tolerant strains that were screened in 
controlled environments. 
3.1.3 Methods 
Local strains and a commercial inoculant were screened for their acid tolerance and symbiotic 
effectiveness in laboratory and controlled environments. The yield performances of soybean 
due to inoculation of these strains were evaluated under field conditions, at six areas 
representing major soybean growing regions of Ethiopia. 
3.1.4 Findings 
Yield improvements due to inoculation were achieved under field conditions, in places where 
the soil resident populations were low. Selection of acid tolerance under controlled conditions 
is useful when supported by field validation.  
3.1.5 Implications 
Inoculation programmes should give due attention to acid tolerant screening, both in 
laboratory and field conditions. Concurrently, evaluating the soil resident rhizobia population 
is critical to predicting the response to inoculation, despite the commonly held assumption 








3.3.  Article 










The potential for rhizobial inoculation to increase soybean grain yields on acid soils 
in Ethiopia 
 
Daniel Muletaa,b, Maarten H. Rydera and Matthew D. Denton a 
 
aSchool of Agriculture, Food and Wine, The University of Adelaide, Glen Osmond, SA, Australia; bEthiopian Institute of 































In Ethiopia, inoculation of soybean with rhizobial inoculants is not common practice, but could 
provide an option to increase grain yields in low nitrogen (N) acidic soils. In these acid soils, the 
selection of acid tolerant rhizobia is one strategy that may increase the performance of soybean. In 
this study, rhizobial strains isolated from Ethiopian soils were evaluated for their acid tolerance and 
symbiotic N fixation efficiency with soybean, in controlled environments. Following this, four isolated 
rhizobial strains were evaluated in six field experiments in major soybean growing areas of Ethiopia. 
Inoculation with the commercial strain or with one of two locally sourced isolates, that were 
developed as inoculants, improved soybean yield. The yield increase due to inoculation with the 
commercial strain was con-sistent and greater than other treatments, while the increase due to the 
two locally sourced strains was comparable to, or greater than, application of 46 kg N/ha in soils, 
where the resident rhizobial population was ≤1.4 × 103 cfu/g soil. For soils with high background 
rhizobial populations, there was no response to inoculation. In one of the experimental sites (Bako), 
the percentage of N fixed (%Ndfa) was 55 for the commercial strain and 35 for the local strain, ES3. 
This study demonstrated that field validation is a necessary step in the selection of acid-tolerant 
strains of rhizobia to increase soybean production for Ethiopia. 
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Soybean, Glycine max (L.). Merr. has the largest worldwide 
production of any crop legume (Sinclair et al. 2014) and con-
tributes greater symbiotic N fixation than any other crop legume 
(Herridge et al. 2008). Soybean production is increas-ing in sub-
Saharan Africa, driven by its high value for food and feed, and 
its ability to improve soil fertility (Sinclair et al. 2014). In Ethiopia, 
soybean is cultivated mainly in the southern and western 
regions, and production has increased from 1,620 t in 2002 to 
61,000 t in 2014 (CSA 2012; Bekabil 2015). Although the 
average yield of soybean has recently increased in Ethiopia to 
2 t/ha, it is still below the world average of 2.35 t/ha (Abate et al. 
2012) which may be related to soil constraints and management 
of the crop.  
The cultivation of soybean in sub-Saharan Africa is often 
affected by low soil fertility, soil acidity, soil salinity, and organic 
matter depletion (Bromfield and Ayanaba 1980; Abaidoo et al. 
2007; Amissah-Arthur and Jagtap 2007; Thuita et al. 2012). In 
Ethiopia, about 40% of the cultivated land is sufficiently acidic 
that it reduces crop production (Abdenna et al. 2007). 
Production of soybean in acid soils can be con-strained by toxic 
concentrations of H+, Al, and Mn, and defi-ciencies in Ca, Co, 
Cu, Mg, P, Fe, and Mo (O’Hara 2001; Indrasumunar et al. 2011). 
Although soybean yields can be increased in acid soils by 
application of N fertilizer, this is uneconomical when compared 
with the costs of inoculation  
 
with rhizobia (Ronner et al. 2016), and is unsuitable for 
small-holder farmers.  
Symbiotic N fixation in acidic soils is itself constrained by several 
acidity-related problems affecting the symbiosis, viz. the 
persistence of rhizobia, nodule formation, and the function of the 
symbiosis (Date and Halliday 1979; Howieson and Ewing 1986; 
Peoples et al. 2009). It was previously demonstrated that a com-
mercial strain of Bradyrhizobium japonicum (strain 532c) increased 
soybean yield in Ethiopia, Kenya, and Nigeria (Jefwa et al. 2014), 
although the effectiveness of the strain was incon-sistent across 
Ethiopia, and performed poorly in Bako and Assossa regions (Asrat, 
personal communication). Hence, despite the potential to improve 
yield and soil fertility, biological N fixation by soybean in areas with 
acid soil is greatly constrained. The inconsistent results of 
inoculation with strain 532c (Aserse et al. 2012), may therefore be 
related to soil acidity. Improving the symbiosis through amelioration 
of soil acidity by the addition of lime is expensive (Foy 1988), and a 
more cost-effective approach has been the selection of acid-tolerant 
crops (Taylor 1991) com-bined with selection of suitable acid-
tolerant microorganisms (White 1966; Howieson and Ewing 1986; 
Howieson et al. 1988). 
 
In this study, soybean-nodulating rhizobia were isolated from 
Ethiopian soils and then tested for their acid tolerance. These 
strains were then evaluated for their symbiotic effec-tiveness in 
controlled conditions. Four selected isolated strains were then 
used to produce inoculants, and the ability of the 
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inoculants to increase grain yield was investigated in six field 
experiments in soybean-growing regions of Ethiopia. We 
hypothesized that the strains isolated would be adapted to acid 
soils, and that those found to be symbiotically efficient may 
provide effective inoculants for use by farmers. 
 
 
2. Material and methods 
 
2.1. Soil sampling 
 
Soils were collected from 154 sites in the major soybean 
production areas of Ethiopia, including Jimma and Illubabur 
zones of the Oromia regional state, Southern Ethiopia (from 
Hawassa to Amaro), Bako area of Oromia, and Assossa area in 
the Benishangul Gumuz regional state. Soil samples (0–20 cm) 
were taken from four points in each field and mixed, and used 




2.2. Isolation of rhizobia 
 
Soybean cv. Clark, a widely grown cultivar preferred by 
Ethiopian farmers for its short maturity, was grown (3 
seeds/pot) in 1 kg pots containing field soil in a green-house 
at Holleta Agricultural Research Center in January and 
February 2014. After 8 weeks of growth, nodules were col-
lected from the roots and rhizobia were isolated from 
nodules. The strains isolated were maintained on yeast man-





2.3. Assessment of acid tolerance 
 
Cultures of strains from Ethiopian soils and the Australian 
commercial soybean strain (CB1809) were grown in yeast 
extract mannitol broth (YMB) medium (Somasegaran and 
Hoben 1985). After 7 d of growth, 100 µl of culture were 
streaked on duplicate plates of pH 4.5 medium containing 
high Mn and Al, and low P and Ca (Gemell et al. 1993). The 
inoculated plates were incubated at 28°C for 12 d, and the 
presence or absence of colonies was monitored visually to 
assess growth on the acidic media. 
 
 
2.4. Assessment of nodulation and symbiotic 
effectiveness 
 
River sand was washed with sulfuric acid (38%; 5 L/20 kg sand) to 
reduce organic matter that could be an N source for the plants 
(Lupwayi and Haque 1994). The sand was then rinsed with tap 
water until its pH was neutral. The washed sand was autoclaved 
and placed in 1 L pots that had been washed, sprayed with 95% 
alcohol and dried. Before sowing, the soy-bean seeds were surface 
sterilized with 95% ethanol for 10 s and then with 2.5% sodium 
hypochlorite for 3 min, followed by rinsing with seven changes of 
sterile distilled water. Each pot was sown with five seeds, and after 
emergence the seed-lings were thinned to three per pot before 
inoculation. Each treatment was applied to three replicate pots.  
Reference and isolated strains that grew on acid-stressed 
media were streaked on standard YMA plates and incubated at 
28°C for 7 d. The reference strains used were 532c, a 
commercial strain used in Ethiopia (Legume Technology Ltd, 
Notts, UK) and CB1809 isolated from EasyRhiz® freeze-dried 
inoculant (New Edge Microbials Pty Ltd, Albury, Australia). 
Single colonies were inoculated into YMB and grown on a 
shaker incubator at 28°C, 120 rpm for 5 d. The plants were 
inoculated 7 days after sowing (DAS) with 1 mL of bacterial 
suspension (109 cfu/mL) per plant. The replicates were 
arranged in a completely randomized design in a greenhouse 
at Holleta Agricultural Research Centre where the average day 
and night temperatures were 26°C and 15°C, respectively, with 
a 12 h photoperiod.  
The plants were supplied with N-free nutrient solution twice 
a week (Broughton and Dilworth 1970). In addition, an N-
supplied control treatment received 20 mL of ammonium nitrate 
solution (5 mM) per pot, once per week. Plants were grown in 
April and May 2014, and harvested 60 DAS. 
 
2.5. Field experiments 
 
Six soybean inoculation field experiments were conducted at 
sites with nitisol soils (FAO-Unesco 1974) at Jimma (three sites, 
one at the Jimma Agricultural Research Center and two on 
farms in Ababiya and Seifu farms), Bako on a farm and Assossa 
(two sites, one at the Agricultural Research Center and the 
other on a farm) from June to November 2014). Details of soils 
at these sites are provided in Table 1. 
 
Table 1. Location and selected physical, chemical and biological properties of soils at the experimental sites.   
 Jimma, Ababiya farm Jimma, Seifu farm Jimma, Research Center Bako Assossa, Research Center Assossa, farm 
Latitude 0.7°42.770’ 0.7°42.633’ 0.7°06.668’ 9°04.503’ 10°03.251’ 10°01.237’ 
Longitude 37°00.461’ 37°00.305’ 36°07.867’ 36°59.620’ 34°59.412’ 34°45.613’ 
Altitude (m) 1781 1767 1753 1755 1588 1578 
% Clay 64 71 44 61 71 64 
%Silt 24 19 12 19 15 10.0 
%Sand 12 10 44 27 14 26 
pH H20 4.37 4.26 4.53 4.39 4.81 4.62 
P mg/kg 4.92 4.72 2.12 4.94 5.28 8.21 
CEC meq/100g 17.19 17.92 19.6 14.55 34.7 31.6 
%OC 2.05 1.98 2.07 1.56 2.96 2.61 
Ex. Acidityb 0.46 0.81 1.74 0.78 0.18 0.42 
Total N % 0.16 0.15 0.45 0.1 0.18 0.14 
Rhizobia MPN cfu/g soil 250 16 >10
6 NDa 1.4x103 >106  
aND: Not detectable with the MPN procedure used. See methods section for further details. 
Chapter 1 Exchangeable acidity (Van Reeuwijk 2002). 
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2.6. Inoculant preparation 
 
Based on symbiotic effectiveness in controlled conditions, four 
Ethiopian strains (designated as ES1 to ES4 for the purpose of this 
report) with the greatest measured symbiotic effective-ness, plus 
the commercial strain 532c were prepared as inocu-lants for use in 
the field. The carrier was filter mud, a by-product of sugar cane 
processing, that has previously been used as a carrier (Philpotts 
1976). The filter mud was ground and passed through a 200 mesh 
sieve and neutralized by the addition of CaCO3, sealed in 
polyethylene bags (125 g per bag) and autoclaved. The strains were 
grown in 25 ml YMB broth in 50 ml flasks. After 5 d of growth, the 
broths were transferred to 1 L YMB broth and grown for 5 days to 
achieve 109 cfu/ml, before being used to inoculate the carrier. 




2.7. Experimental design 
 
Each field experiment consisted of eight treatments with four 
replicates arranged in individually randomized complete block 
designs. Treatments included five rhizobial treatments (four 
isolated strains and a commercial strain, strain 532c), N-
supplied treatments with either 46 or 23 kg N/ha, and one 
control treatment receiving neither rhizobia nor N fertilizer. The 
Bako experiment had an additional treatment of non-nodulating 
haricot bean as a reference treatment sown in one plot for each 
of the four replicate blocks. Phosphorus was applied at a rate of 
20 kg P/ha as triple superphosphate, to ensure that P availability 
did not limit the expression of N fixation. Both P and N fertilizers, 
where applicable, were applied in rows to a depth of 5 cm and 
incorporated into the soil in a separate operation before 
seeding, according to farmer practice. Seeds were inoculated 
with the carrier mate-rial under shade immediately before 
sowing. The carriers con-taining the test strains (10 g containing 
109 cfu/g) were mixed with seeds that were moistened with 
sugar solution (2 g in 20 ml water, as a sticker) to enhance 
inoculant contact with the seed. Treatments were applied taking 
care to avoid cross contamination of the test strains. Seeds 
were hand sown in rows 60 cm apart and seeds in rows were 5 
cm apart from each other; rows were 4 m long and there were 4 
rows per plot. Blocks and plots were separated by 1 m wide 
buffers, to assist in maintaining hygiene and to limit the chance 
of con-tamination from one plot to another. 
 
 
2.8. Soil sample collection and analysis 
 
The soils collected from the field were air-dried, ground, 
passed through a 2-mm sieve. Samples were analyzed for 
texture using a hydrometer (Gee and Bauder 1986), pH 
(1:2.5, H2O), soil phosphorus (Bray II), cation exchange 
capacity (Chapman 1965), organic carbon (Walkley and 
Black 1934), and exchangeable acidity (Van Reeuwijk 2002) 
at Holleta Agricultural Research Soil Laboratory, using the 
protocols out-lined by Sertsu and Bekele (2000). The most 
probable number of soybean-nodulating rhizobia per gram 
of soil was deter-mined for each sample using the methods 
as outlined by Somasegaran and Hoben (1985). 
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2.9. Data collection 
 
In the greenhouse experiment, plants were harvested at 60 
DAS. The shoots were dried for 48 h at 70°C, weighed and the 
total shoot N was analyzed in Holleta Agricultural Research 
Laboratory using the Kjeldahl method (Bremner and Mulvaney 
1982). Nodule numbers were recorded for each plant. For the 
field experiments, nodules were counted on the roots of five 
plants removed at 80-cm intervals along the outer rows at 60 
DAS. At the same time, shoots were harvested and oven dried 
at 70°C for 48 h and dry weight was recorded. Grain yield and 
total above-ground biomass (AGB, dried for 48 h at 70°C) 
including both shoots and grain were recorded during harvest. 
 
 
2.10. Assessment of N fixation 
 
The 15N natural abundance technique (Unkovich et al. 2008) 
was used to estimate the N fixation in the treatments at the Bako 
experimental site. Dried shoot samples were finely ground and 
analyzed for total N concentration (µg N/g) and 15N com-
position using a PDZ Europa ANCA-GSL elemental analyzer 
interfaced to a PDZ Europa 20–20 isotope ratio mass spectro-
meter (Sercon Ltd., Cheshire, UK). The percentage of soybean 
N derived from N fixation (%Ndfa) was calculated by comparing 
the 15N in soybean plants (δ15N legume) with the δ15N of the 
non-nodulating haricot bean reference (δ15N haricot) which 
was assumed to reflect the δ15N of the plant-available soil N. A 
δ15N value for soybean grown under N-free media entirely 
reliant upon N fixation for its N (B value; −1.83‰) was used 












The shoot N and total shoot N derived from fixation were 
calculated using the following formulae: 
 
Legume shoot N ¼ ð %N=100Þ x ð legume shoot weightÞ and 
Amount shoot N fixed ¼ ð%Ndfa=100Þ x ð Legume shoot NÞ 
 
2.11. Statistical analysis 
 
The data from the greenhouse experiment were subjected to 
analysis of variance (ANOVA) using the General Linear Model 
procedure of GenStat (VSN International 2014). Means of all 
the treatments were calculated and the differences were tested 
and considered significant when p < 0.05. The means of the 
treatments were differentiated using the LSD. The symbiotic 
effectiveness percentage was calculated by the method 
described in Purcino et al. (2000) as:  
Effectiveness (%) = (Shoot Dry Weight of inoculated plant 
/Shoot Dry Weight of N-fertilized treatment) × 100.  
Based on this effectiveness scale, isolates were considered 
highly effective (HE) when percentage of effectiveness >80%, 
effective, (E) between 50 and 80%, and of low effectiveness (LE) 
between 50 and 35%. Isolates were considered ineffective when 
the percentage effectiveness was less than 35.  
Data collected from each field experiment were combined 
and subjected to Bartlett’s test for homogeneity of variance. 
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ANOVA and LSD was used to separate the treatments, 





3.1. Soil collection, rhizobial isolation, and acid 
tolerance screening 
 
From the initial 154 soils collected from the major soybean grow-
ing regions, 80 strains were isolated from nodules (Fig.1 and 
Table 2). Of the 80 rhizobial strains, 50 grew on acid-stressed 
media at pH 4.5 and these strains were further evaluated for 
symbiotic effectiveness in the greenhouse. 
 
 
3.2. Evaluation of symbiotic effectiveness under 
controlled conditions 
 
The evaluation of symbiotic N fixation of soybean in the green-
house indicated variation in N fixation among the 50 isolates and 
the two reference strains (Fig. 2). Shoot dry weight (SDW) among 
treatments varied from 4.13 g/plant and 3.67 g/plant when 
inoculated with the commercial strains 532c and CB1809, to only 
1.37 g/plant in the un-inoculated treatment. The N-supplied 
treatment weighed 3.67 g/plant and four strains were identified that 
had higher SDW than the remaining local strains; these are listed 
as ES1, ES2, ES3, and ES4 (Fig.2). Results for selected strains that 
were the most effective are shown in Table 3. The shoot N content 
of the plants ranged from 0.8% (negative control) to 3.3% (strain 




Table 2. Soil samples collected from major soybean growing areas of 
Ethiopia and the number of strains isolated from the soils using soybean 
cv. Clark as a host plant.   
Soil collection areas Soils sampled Rhizobial strains isolated 
Southern Ethiopia 40 14 
Jimma and Illubabor zone 40 36 
Bako area 43 11 
Assossa zone 31 19 
Total 154 80  
 
 
weight ranged from 1.4 g/plant (negative control) to 4.1 g/ plant 
(strain 532c). The N-fertilized plants had a shoot N content of 2.9%. 
Seedlings inoculated with the four isolates ES1–ES4 (Table 2) and 
reference strains had significantly greater shoot N concentrations 
and shoot dry weights than the negative control and other isolates. 
No relationship was observed between the shoot dry matter of the 
plants and their nodule number (R2 = 0.0061, data not shown). The 
selected strains were categorized as either effective or highly 
effective. The four Ethiopian isolates with the greatest symbiotic 
effectiveness (ES1–ES4) were selected for field evaluation. 
Reference strain, 532c, was superior to CB1809 in the above three 
measures and was used in the field as a reference strain. 
 
 
3.3. Rainfall at field sites 
 
The Jimma sites had received less precipitation prior to sowing 
(June; 144 mm) compared with other sites, but that site received 























Figure 1. Experimental sites in South Western and West Ethiopia indicated by numbers 1–6. The site numbers indicate: (1) Ababiya farm, (2) 
Seifu farm, (3) research station in the Jimma area, (4) Bako farm, (5) Assossa research Centre, and (6) Assossa farm. 
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Figure 2. Shoot dry weight responses of soybean to inoculation with one of 50 different rhizobial strains (1–50) and two commercial reference 
strains, 532c and CB1809, an N-supplied control (N) and a non-inoculated control (Control). LSD = 0.48 at P = 0.05; 3 replicate pots. Arrowed 




Table 3. Effectiveness of selected rhizobial strains inoculated on to soybean grown in N-free conditions in a controlled environment, compared with 
controls and reference strains.  
Treatment  %N mg N/shoot % Effectiveness Ranka 
Strain 532c 3.3 ± 0.15a 135 ± 7.6a 113 HE 
N-fed treatment 2.9 ± 0.03bc 107 ± 1.4b 100  
CB1809 3.0 ± 0.05b 110 ± 1.9b 100 HE 
ES4 3.0 ± 0.11ab 110 ± 5.7b 99 HE 
ES3 2.8 ± 0.09 cd 82 ± 3.8c 81 HE 
ES2 2.6 ± 0.04d 69 ± 2.7d 73 E 
ES1 2.5 ± 0.04d 65 ± 30d 69 E 
Control 0.8 ± 0.01e 11 ± 0.4e -  
LSD
0.05%  0.24 11.96    
aRank indicates: effective (E) or highly effective (HE). 
Means followed by different letters are significantly different at P ≤ 0.05. 
 
season (total 1009 mm) (Fig. 3). The Bako site received 
more precipitation in the first two months of the growing 
season (483 mm), but received the least over the rest of the 
growing season (348 mm). The Assossa sites received the 
least total precipitation (790 mm), although the amount of 
rainfall received during the last four months (493 mm) was 
greater than that at Bako. 
 
250 cfu/g soil, respectively) compared with the other sites. 
The soil at the Assossa Agricultural Research Center site 
con-tained 1.4 × 10
3
 cfu/g soil while the remaining two sites 
had abundant background rhizobial populations of >10
6
 
cfu/g soil (Table 1). 
 
3.4. Soil analysis 
 
Soil physical, chemical, and biological analytical results are 
shown in Table 1. The soils at the experimental sites were 
either extremely acidic (Sites 1, 2, and 4) or strongly acidic 
(Sites 3, 5, and 6) with pH (H2O) ranging between 4.26 and 
4.81. The total soil N and P status at the experimental sites 
were low.  
Soybean-nodulating rhizobia were not detected in the Bako 
soil, while soils at Ababiya farm and Seifu farm contained low-
resident soybean-nodulating rhizobial populations (16 and 
 
3.5. Field experiments 
 
Combined data analysis was initially conducted for all sites 
to determine if there were overall trends. A combined 
analysis of soybean yield for the six sites indicated var-iance 
heterogeneity (Bartlett’s test for homogeneity of var-iances, 
χ = 108.4 with 5 degree of freedom and p < 0.001). This 
indicated the likelihood of high variation among sites due to 
factors such as soil properties or rainfall (Table 1, Fig. 3). 
Therefore, general treatment effects could not be compared 
across sites and results were subsequently ana-lyzed 
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Figure 3. Monthly rainfall distribution across experimental sites during the 2014 growing season. Jimma area represent farms at Ababiya, Seifu, 
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Figure 4. Nodule number per plant of soybean following application of different inoculants and N supply at six experimental sites in major soybean growing areas of 
Ethiopia, 2014. The means of the treatments for each location is separated by 95% LSD, and means with the same letters are not significantly different. 
 
 
At Ababiya, inoculation with 532c produced the largest 
number of nodules per plant, followed by ES4 and ES3, 
respectively, while the other treatments were not signifi-
cantly different from the negative control (Fig. 4). All the 
treatments resulted in higher yield than the control (Fig. 5). 
Strain 532c produced the highest yield followed by ES3 and 
ES4 that resulted in a similar yield with appli-cation of 46 
kg/ha N. ES1 and ES2 resulted in a yield similar to that 
obtained with the application of 23 kg/ha N (Fig. 5). 
 
 
At the Seifu site, inoculation with 532c resulted in sig-
nificantly greater nodule numbers than the negative con-trol, 
followed by ES4, whereas other treatments were not 
different from the negative control in nodule numbers. 
Inoculation with 532c also resulted in the highest grain yield, 
followed by ES4, ES3 and application of 46 kg N/ha. 
Inoculation with ES1, ES2 and application of 23 kg/ha N 
gave no significant yield increase over the control.  
At Bako, inoculation with 532c and ES3 resulted in greater 
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Figure 5. Grain yield of soybean following application of different inoculants and N supply at six experimental sites in major soybean growing areas of 
Ethiopia in 2014. The means of the treatments for each location is separated by 95% LSD. Means with the same letters are not significantly different. 
 
 
Table 4. Aboveground biomass including grain at harvest AGB, kg/ha, %N, total shoot N, percentage of shoot N fixed, %Ndfa, and total shoot N 
fixed by soybean at harvest following application of different inoculants at Bako.  
Treatment AGB kg/ha  %N Total shoot N kg/ha 
%N
dfa Fixed N in shoots kg/ha 
Control 1325 ± 206c 4.2 ± 0.4a 50 ± 5d 0.7 ± 0.4c 1 ± 1c 
Strain 532c 2693 ± 204a 8.4 ± 2a 226 ± 26a 55 ± 7a 126 ± 26a 
ES1 1609 ± 402bc 4.5 ± 0.4a 78 ± 4d 5 ± 0.7c 4 ± 1.5c 
ES2 2025 ± 235b 7.6 ± 1.5a 164 ± 15abc 12 ± 6c 22 ± 15bc 
ES3 2091 ± 383ab 8 ± 2a 191 ± 66ab 35 ± 9b 60 ± 18b 
ES4 1467 ± 154bc 6 ± 1a 97 ± 4cd 10 ± 1c 10 ± 1c 
23 kg N/ha 1602 ± 136bc 6 ± 1.3a 82 ± 22cd 0.08 ± 0.2c 1 ± 2c 
46 kg N/ha 1778 ± 142bc 7 ± 0.4a 130 ± 8bcd 0.7 ± 0.9c 1 ± 0.1c 
LSD
0.05  643  NS  82 14.2  38  
Means in a column followed by different letters are significantly different at P ≤ 0.05. 
 
experiment conducted at Bako had lower grain yields in its 
negative control compared with the negative control of other 
sites (13.7–150% decrease compared with Assossa 
Research Center and Assossa farm (Fig. 5). Yield increased 
following inoculation with 532c and ES3, but not more than 
with the application of 46 kg N/ha.  
At Bako, the use of a sown reference species allowed 15N 
natural abundance N fixation measurements to be made on 
soybean. Total shoot N at harvest ranged from 50 kg/ha (un-
inoculated control) to 226 kg/ha (532c) and the three strains 
(532c, ES2, and ES3) had significantly higher shoot N than the 
control (Table 4). The percentage of N derived from the 
atmosphere was greater in plants inoculated with 532c (55%) 
and ES3 (35%) than for other treatments. Accordingly, the 
amount of fixed N in the shoots of plants inoculated with 532c 
and ES3 (126 and 60 kg/ha, respectively) were signifi-cantly 
greater than the other treatments (Table 4).  
At the Jimma Agricultural Research Center experimental site, 
only strain 532c, ES3 and application of 46 kg/ha N resulted a 
higher yield over the negative control, while nodule numbers did not 
differ, and were universally high in all treatments. 
 
At the Assossa Agricultural Research Center site, there were 
no differences observed among treatments for nodule num-bers 
(Fig. 4). Treatments other than ES3 had greater grain yield than 
the negative control. Yield increase resulting from inocu-lation 
with ES4 was comparable to those obtained for N applications, 
while strain 532c significantly improved yield over the control 
but did not achieve the largest yield at this site. Treatments ES1 
and ES2, that did not lead to high yields at other sites, produced 
a higher yield than the control.  
At the Assossa farm site, nodule numbers were 
universally high (Fig.4) and did not differ among treatments. 
Yields did not show significant difference among inoculant 
treatments, however, strain 532c and ES2 increased yield 
significantly relative to the control.  
Overall, the responses of soybean to the application of 23 
and 46 kg N/ha, and inoculation with strain 532c increased grain 
yield, relative to the uninoculated control treatments (Fig. 6). 
The association between yield and nodule number per plant at 
the six experimental sites was examined by linear regression, 
which revealed that in three of the six experi-ments (Fig. 7: A, 































































































Figure 6. Soybean grain yields following inoculation with commercial strain (closed 
triangles) or with application of 46 kg N/ha (closed circles), or 23 kg N/ ha (open 
circles) in comparison with the yield of the untreated control across the six 
experimental sites. A 1:1 dotted line is shown for comparative purposes. 
 
between nodule number and grain yield, while for the other 





4.1. Field response to inoculation 
 
We hypothesized that locally adapted strains that were eval-
uated for acid tolerance and symbiotic effectiveness would 
provide greater acid tolerance and prove to be robust inocu-
lants across different soybean-growing regions of Ethiopia. In 
contrast to our expectations, the commercial strain proved to be 
a more effective inoculant than locally isolated strains used as 
inoculants, when assessed at six experimental sites. At two of 
the experimental sites, inoculation with field isolates from 
Ethiopian soils (ES3 and ES4) resulted in yields similar to, or 
greater than, the application of 46 kg N/ha, indicating the value 
that they could provide to soybean crops grown in Ethiopian 
soils with low mineral N. In con-trast, ES1 and ES2 performed 
poorly except in the Assossa area, and are unsuited to field 
application in other areas, potentially due to poor acid tolerance. 
This study confirmed the importance of field evaluation of 
isolates, in addition to evaluation in the laboratory, before 
suitable strains can be identified (Howieson et al. 1988).  
Application of 46 kg N/ha improved yield at five of the six 
sites, indicating the extent of soil N limitation in grain produc-
tion in Ethiopia (Atnaf et al. 2015). Application of 23 kg N/ha, 
however, improved yield at only two sites, indicating that the N 
demand of the soybean crop exceeded this level of N 
application, which agrees with previous research that demon-
strated the high N demand of soybean (Herridge 2002). In 
Ethiopia, farmers typically use N fertilizer where they have 
access, rather than inoculating their soybeans. However, ferti-
lizer costs are high for smallholder farmers in developing 
 
 
countries. Soybean requires 120 kg N to produce a tonne of 
grain (Herridge 2002) and urea was 60 USD per 100 kg in 
Ethiopia in 2015 (Ayele et al. 2016) so that N sufficient for a 2 
t/ha crop would cost at least $144/ha, assuming limited soil 
mineral N supply and a 100% use efficiency of the fertilizer. In 
contrast, a commercial inoculant to treat 1 ha of soybean (320 
g /80 kg) costs 13.3 USD (Jefwa et al. 2014), while local 
inoculants (500 g) applied to 1 ha cost less than 7.5 USD in 
Ethiopia. Thus, in using inoculants instead of N fertilizers, there 
is a cost savings of $130 USD/ha, based on recent data. It is, 
however, unlikely that Ethiopian farmers would provide these 
quantities of N fertilizer to their crops, further highlighting the 
importance of inoculant use. Similarly, on-farm research on 
soybean responses to inoculation and P application in Northern 
Nigeria indicated that 95% of the farmers achieved an economic 
benefit by using soybean inoculant (Ronner et al. 2016).  
Plants inoculated with strain 532c and ES3 fixed 105 and 55 kg 
N/ha at the Bako experimental site, respectively. Strain 532c fixed 
55% N, while ES3 fixed 35% of the N in the crop. Previous estimates 
of %Ndfa for soybean were 68% in experimental sites and 58% in 
farmers’ fields (Herridge et al. 2008). The lower %Ndfa for some of 
the strains in the current study might be due to low precipitation 
during pod-filling in 2014, when N fixation is known to be important 
(Zapata et al. 1987; Bergersen et al. 1992). N fixation is known to 
be limited by factors that affect biomass accumulation of the host 
plant (Giller 2001), including environ-mental and agronomic factors, 
and cultivar (Herridge et al. 2008).  
Two types of responses were observed in the relation-
ship between nodule number per plant and grain yield: three 
sites had strong and positive associations between nodule 
numbers and grain yield, and three sites had no 
associations. Inoculation with a commercial strain in Ethiopia 
previously improved soybean yield and nodulation in some 
parts of Ethiopia, although the responses were not universal 
(Jefwa et al. 2014). The relationships observed in our study 
could be explained by the background popula-tion densities 
of soil rhizobia. At sites with strong correla-tions between 
nodule number and yield, the initial soil rhizobial numbers 
were low and ranged from non-detect-able to 250 cells/g soil. 
Sites with weak or negative corre-lations between nodule 
number and yield, i.e., Jimma and the Assossa sites, had 





cells/g soil. The inverse relation-ship between yield response 
to inoculation and resident rhizobial population has been 
observed previously (Thies et al. 1991; Brockwell et al. 1995; 
Denton et al. 2000). 
 
4.2. Screening acid-tolerant rhizobia in the laboratory 
 
The sites chosen for field experiments had soil pH (H2O) as low 
as 4.26. Rhizobia were screened on agar media of pH 4.5, since 
low pH reduces rhizobial survival to a greater extent on plates 
than in soil of the same pH (Appunu and Dhar 2006). This might 
be due to the presence of microsites in soils with a higher pH, 
or the association of the microorganisms with cations, anions, 
or organic molecules in the soil (Howieson et al. 1988; Appunu 
and Dhar 2006). Growth of the freshly isolated rhizobial strains 
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Figure 7. Regression analysis of nodule number per plant and grain yield among different treatments at the six experimental sites. Sites are (A) Jimma, 
Ababiya farm; (B) Jimma, Seifu farm; (C) Jimma, Agricultural Research Centre; (D) Bako; (E) Assossa, Agricultural Research Centre; (F) Assossa, farm. 
 
 
none to profuse. Such differences in tolerance to acidity among 
strains of the same species have been reported pre-viously for 
various Rhizobium and Bradyrhizobium (Howieson et al. 1988; 
Graham et al. 1994; Appunu and Dhar 2006). Hence, strains 
that showed profuse growth on low pH agar media, with high 
concentrations of Al and Mn and low con-centrations of Ca and 
P, coupled with high symbiotic poten-tial, were selected for 
testing effectiveness in the field. The commercial strain, 532c, 
was also able to grow on the same acid-stressed media. Among 
the four strains selected, three demonstrated symbiotic 
effectiveness under field conditions (ES3 and ES4 at Sites 1 and 
2; ES3 at Site 4; and ES1 and ES4 at Site 5), supporting the 
need for a rapid screening of rhizobia for acid tolerance to assist 
in selection of strains in the field (Indrasumunar et al. 2011). 
 
 
4.3. Assessment of n fixation effectiveness in the 
greenhouse 
 
Assessment of N fixation effectiveness in the greenhouse indi-
cated that 40% of the strains that tolerated pH 4.5 on agar 
media had low effectiveness and 56% were considered effec-
tive in fixing N, but only 4% of the strains were found to be highly 
effective. However, since strains that grew on acid-stressed 
media were evaluated for N fixation efficiency in the 
greenhouse in soils of neutral pH, it is possible that the results 
of the effective strains could have differed, had the green-house 
screening been performed at an acidic pH. The yield responses 
to inoculation with the commercial strain 532c in the field were 
generally better than with the locally sourced strains, although 
inoculation with ES3 and ES4 were similar in 
58 
  
































































10   D. MULETA ET AL. 
 
yield to the commercial strain at one field site each. 
Assessment of symbiotic effectiveness on acidic media 
should be considered as an option to identify an acid-tolerant 
strain that is symbiotically effective, and may assist in 
developing locally adapted strains, well suited to soil 




Soils of Ethiopia are typically low in N status and acidic. 
Inoculation of soybean with effective rhizobial isolates increased 
yield, although locally adapted isolates from acidic Ethiopian 
soils were not as effective as the commercial strain when tested 
at multiple sites. The use of effective strains was demonstrated 
to bring economic benefits to resource-limited small holder 
farmers over the current practice of using N fertilizers. 
Screening of strains with high acid-tolerance in vitro and 
symbiotic effectiveness in the greenhouse was a rapid way to 
identify acid-tolerant strains that may increase grain yield in acid 
soils, but field testing is a necessary step in demonstrating this 
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Chapter 4   Evaluation of the diversity among acid tolerant 
soybean rhizobia from key agricultural regions of Ethiopia 
4.1.  Introduction 
Evaluation of the genetic relationships among rhizobial strains provides insights about the 
structure of their population, and the potential for gene transfer, and adaptation to 
environmental factors (Pongslip 2012). Such information can assist in understanding the 
interaction of rhizobial inoculants with the soil background rhizobia and may generate 
important information that can be used in the development of inoculants and in the prediction 
of inoculation responses. 
The 16S rRNA gene sequences are widely used to study the genetic and evolutionary 
relationship of organisms. The 16S rRNA gene sequences from a wide range of microbes are 
deposited in the three primary databases including DDBJ (Japan), GenBank (USA) and 
European Nucleotide Archive (Europe), along with other biological databases. However, 
classifying microorganisms using the 16S rRNA sequences is considered imprecise at the 
species level (Thies et al. 2001; Martens et al. 2008). Among the drawbacks of the technique 
are the presence of duplicate copies of the 16S rRNA gene in some bacterial genomes (Acinas 
et al. 2004), the transfer of the gene among diverse microorganisms and within a group of 
microorganisms through horizontal transfer and genetic recombination (Van Berkum et al. 
2006), and conservation of the sequence among members of same group organisms (Van 
Berkum et al. 2006), especially among Bradyrhizobium spp. (Willems et al. 2003). Therefore, 
there is a need to identify more reliable genetic markers. A previous study showed limitations 
in the ability of 16S rRNA to discriminate rhizobia below the level of genus (Van Berkum et 
al. 2003). Currently, multi-locus sequence analysis (MLSA) of protein coding genes 
(constitutive genes or house-keeping genes and N fixation genes, nif genes) (Young et al. 
2006) and the sequence analysis of 16S-23S (internal transcribed spacer, ITS) are used to 
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study rhizobial diversity (Jaiswal et al. 2016). The internal transcribed region of the 16S-23S 
sequence provides similar results to that of DNA-DNA hybridization in bradyrhizobia strains, 
except for those isolated from Aeschynomene species (Willems et al. 2003). The ITS sequence 
for strains isolated from Aeschynomene species was observed to be much more diverse. 
Genetic studies on soybean-nodulating rhizobia from Ethiopia have been conducted using 
MLSA (Aserse et al. 2012) and ITS (Jaiswal et al. 2016). These studies indicated the 
existence of diverse bradyrhizobia in Ethiopia. The strains identified in these two studies were 
grouped within Bradyrhizobium elkanii (Aserse et al. 2012; Jaiswal et al. 2016), and 
Bradyrhizobium japonicum (Aserse et al. 2012) in addition to distinct rhizobial strains that 
need further investigation to confirm their species allocation (Aserse et al. 2012; Jaiswal et al. 
2016).  
Inconsistent responses of soybean to inoculation with exotic strains have been observed in 
Ethiopia. Poor adaptation to soil environment of the imported strains (Aserse et al. 2012) and 
competition with indigenous rhizobial populations (Jaiswal et al. 2016) were proposed as 
possible reasons for inoculant failures.  
Inoculation failure due to low pH is common. Forty percent of the arable land in Ethiopia is 
acidic (Abdenna et al. 2007), including soybean growing areas, and low pH can affect the 
inoculant strains, the legume, and the N fixation process. Fifty acid tolerant rhizobial strains 
were selected in vitro and tested for their symbiotic effectiveness in a controlled environment 
(Chapter 3). The most efficient 4 isolates, together with acid tolerant commercial strain were 
evaluated under six field sites. Significant inoculation responses were observed when acid 
tolerant strains were used in soils with low background rhizobia populations (see Chapter 3). 
 The two previous genetic studies on soybean-nodulating rhizobia from Ethiopian soils 
(Aserse et al. 2012; Jaiswal et al. 2016) focussed on the genetic diversity and effectiveness of 
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local isolates. In this current study, our focus was on soybean-nodulating rhizobia that were 
able to grow in vitro at a pH of 4.5. In addition, the strains from the above studies were 
sampled from two economically important soybean growing areas of Ethiopia, South 
Ethiopia, and Benishangul Gumuz. The present study provides additional information on the 
influence of location on diversity, as sampling zones included isolates from SW Ethiopia 
(particularly Jimma zone and Chewaka area), and Western Ethiopia (Bako and Gute areas), 
where farmers frequently use soybean as a cash and rotational crop. 
This chapter outlines the results from an analysis of the diversity of soybean-nodulating, acid 
tolerant rhizobia from major soybean growing regions of Ethiopia, using the 16S-23SrRNA 
ITS sequence analysis with the aims of 1) assessing the genetic diversity of acid tolerant 
rhizobia in the main growing regions. 2) determining if acid tolerant and effectiveness were 
related to particular genetic groups, and 3) comparing the taxonomic position of the acid 
tolerant isolates with previous studies.  
4.2.  Material and methods 
4.2.1 Rhizobia isolates  
Twenty rhizobia strains were selected out of fifty strains (Table 4. 1) that had been screened 
on acidic agar plates (see chapter 3) for sequencing of the ITS. Five isolates were randomly 
selected from each of the four soybean growing areas of Ethiopia: South Ethiopia, South West 
(Jimma area and Chewaka area), and West Ethiopia (Bako to Gute area) and Assossa Zone. 
The strains were re-authenticated in glasshouse and re-isolated from nodules (See chapter 3 
for detailed methodologies) before PCR amplification. 
4.2.2 PCR amplification 
Whole bacterial colony was used as a source of template DNA, as the initial annealing 
temperature was high enough to lyse the rhizobial cell and release the genomic DNA into the 
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PCR reaction mixture (Versalovic et al. 1994). The 16S-23S rRNA region was amplified 
using the primers FGPS1490-72 (5′TGCGGCTGGATCACCTCCT3′) and FGPL132-38 (5′ 
CCGGGTTTCCCCATTCGG3′) (Bioline, Australia) with a thermal cycler (GeneTouch, 
Bioer). Polymerase chain reaction (PCR) was carried out in 23-μl reaction volume containing 
5 μl (5×) MyFi Reaction Buffer, 1 μl (5 U μl-1) MyFi DNA polymerase (Bioline, Australia), 1 
μl (10 pM) of each of the primers and double distilled water. Rhizobial cells were transferred 
to the appropriate tubes by lightly touching a freshly-grown culture with a sterile pipette tip 
and swirling in the PCR solution to transfer cells; tubes were briefly centrifuged before the 
reaction was carried out. The PCR reaction conditions were set for lysis (and initial 
denaturation) at 95°C for 5 min, followed by 35 cycles of 30 s of denaturation at 95°C, 30 s of 
annealing at 56 °C, 2 min of extension at 72°C, followed by a final extension for 5 min at 
72°C.  
4.2.3 PCR confirmation 
The amplicons were checked by horizontal gel electrophoresis on 1.5 % agarose gel (Table 4. 
1) stained with SYBR safe with 2 kb DNA marker (EASY ladder I, Bioline, Australia) and 
photographed using a gel documentation system (GeneFlash, Syngene, UK). 
4.2.4 DNA purification and sequencing 
The amplicons were purified with Isolate II PCR and Gel purification kit (Bioline, Australia) 
according to the manufacturer’s instruction. The purified samples were sequenced with 
Sanger sequencing technique (Applied Biosystems genetic analysis systems, ThermoFisher 
Scientific) at AGRF (Adelaide, South Australia).  
4.2.5 Phylogenetic analysis  
The quality of all sequences was checked using Geneious 8.1.3 software (Kearse et al. 2012). 
LPSN bacterio.net website was used to get the type strains of Bradyrhizobium spp. NCBI 
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GenBank databases were used to confirm the match of sequences of the test strains to the 
bradyrhizobia-related species using the BLASTn program. The NCBI website was also used 
to access the ITS sequences of 30 Bradyrhizobium spp. type strains and strains previously 
isolated from Ethiopian soils (Jaiswal et al. 2016). Bradyrhizobium spp. type sequences and 
the test sequences were aligned with Muscle program and a phylogenetic tree was constructed 
using MEGA 7.0 software (Tamura et al. 2013) and using the neighbour-joining method 
algorithm (Saitou et al. 1987) and Kimura-2 parameter model (Kimura 1980) with 1000 
bootstraps (Felsenstein 1985). The rate variation among sites was modelled with the gamma 
distribution (shape parameter=1) (Jaiswal et al. 2016). Similarly, a separate phylogenetic tree 
was constructed using the ITS sequences of the test strains, type strains and ITS sequences 
mentioned in Jaiswal et al. (2016) using the same alignment and algorithm used above.  
4.2.6 Symbiotic effectiveness of acid tolerant strains 
The symbiotic effectiveness of the 50 acid tolerant bradyrhizobial isolates were tested in a 
controlled environment (See chapter 3, Fig. 2). The symbiotic effectiveness of the 20 isolates 
was placed alongside their phylogeny to infer if there was a relationship between 
phylogenetic position and symbiotic effectiveness.  
4.3.  Results 
4.3.1  PCR amplification  
Following gel electrophoresis, Single bands between 700 kb and 1000 kb (for ESS27 and 
ESS22 respectively) were detected for the amplicons of each strain (Table 4.1; Figure 4.1). 
4.3.2 Phylogeny of test strains based on the 16S-23S rRNA ITS sequence 
A phylogenetic tree was constructed using the neighbour-joining method with the Kimura-2 
model based on the sequences of the 21 test strains, 30 type strains, and 2 outgroups. The 
multiple sequence alignment of the test and type strains with Muscle gave 1,602 bp long 
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alignment. Based on the 16S-23S ITS phylogeny (Figure 4.2), all the Ethiopian strains were 
identified as being in the genus Bradyrhizobium sp. except a single strain, ES11, which was 
grouped with Rhizobium spp. Similarly, all the strains showed similarity with Bradyrhizobium 
species following a BLAST search. 
In the phylogenetic tree, two large clusters (cluster D with 5 isolates and cluster E with 9 
isolates), and one small cluster (cluster C with 3 strains) were observed (Figure 4.2). In 
addition, other isolates were clustered in five independent clusters (A, B, E, and G). The 
largest cluster (F) contained isolates from all of the four collection sites. However, this cluster 
did not comprise any of the type strains (reference strains) used for comparison. The first 
cluster (A), strain ES32 from Bako area of SW Ethiopia grouped with the type strain B. 
tropiciagri and B. embrapense, while strain ES29 clustered with B. subterraneum type 
species. Strains ES1, ES21 and ES23 clustered with B. ottawaense type strain (C) with 94%, 
64% and 70% bootstrap support respectively. The second largest cluster (D) comprises 6 
isolates from two of the collection sites (Assossa zone, Bako and SW Ethiopia), and the type 
strain B. diazoefficiens. Isolate ES27 from South Ethiopia (E) grouped with the type strains B. 
oligotrophicum and B. denitrificans with a bootstrap support of 58%. Strain ES11 (Cluster G) 
grouped with the Rhizobium sp. type strains rather than the Bradyrhizobium sp. type strains.  
4.3.3 Phylogeny and symbiotic effectiveness of test strains 
The four most efficient strains were distributed into three clusters; ES1 in cluster C with 
B.ottawaense, ES2, and ES3 in cluster D, with B. diazoefficens and ES4 in a phylogenetically 
distinct cluster (cluster D). These three clusters containing the 4 most effective strains also 
contains strains that had symbiotic effectiveness of <50%, while cluster A and D contain 
strains with symbiotic effectiveness of >50% and cluster B and E <50% (Figure 4.2). 
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4.3.4 Phylogenetic comparison of test strains with previously identified strains. 
A combined phylogenetic analysis of the acid tolerant strains of the current study with a 
previous study (Jaiswal et al. 2016) based on their ITS sequence revealed that the two studies 
isolated strains that were genetically distinct. The single exception was a strain from the 
current study (ES1 from South Ethiopia) that clustered with the type strain B. ottawaense. A 
large group of isolates from Jaiswal et al. (2016) studies clustered with B. elkanii (19 strains) 
while none of the acid tolerant strains grouped in this group. In contrast, 6 of the strains from 
current study form cluster with B. diazoefficiens and B .japonicum (USDA122) while none of 
the isolates from the previous study clustered in this group. Besides this observed trend, 
isolates from both studies formed a separate group. 
4.4.  Discussion 
Phylogenetic analysis of the acid tolerant bradyrhizobial strains was carried out using a 
neighbour-joining algorithm of their 16S-23S ITS region sequence, to investigate their 
diversity and phylogenetic position within established Bradyrhizobium spp. Our results 
showed that the acid tolerant strains were diverse, scattered through the Bradyrhizobium 
genus. Similarly, the symbiotic effectiveness of strains was distributed among the different 
clusters, so effectiveness did not appear to be related to the phylogeny. Four of the most 
effective strains were grouped into three separate clusters, however, these three clusters also 
contain ineffective members. Moreover, the acid tolerant strains had a separate phylogenetic 
position from strains previously isolated from Ethiopia. 
Genetic analysis of strains isolated from four regions in Ethiopia, combined with in silico 
phylogenetic analysis, identified that all the strains used in this study belong to the 
Bradyrhizobium spp. except for a single strain, ES11. ES11 clustered with the fast growing 
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Rhizobium sp. Similarly, fast growing soybean nodulating rhizobial strains were isolated 
previously (Jarvis et al. 1992; Hungria et al. 2001; Peng et al. 2002) 
The seven clusters identified from the current ITS phylogeny indicates that isolate positioning 
is scattered across the Bradyrhizobium genus. Only strain ES32 (Cluster A) from Bako area is 
isolated in the phylogenetic tree, closer to B. embrapense and B. tropiciagri, both strains that 
were isolated from tropical pasture legumes (Delamuta et al. 2015). However, ES32 is on a 
separate branch and hence it is highly probable that this is an unnamed Bradyrhizobium sp. 
Multilocus phylogenetic analysis would be required before assigning this taxon to a particular 
species (Figueras et al. 2014).  
With regard to the individual clusters, ES29 (cluster B) from south Ethiopia is closely 
grouped with B. subterraneum that was originally isolated from ground nut (Grönemeyer et 
al. 2015), a plant that is grown in some parts of Ethiopia. Arachis hypogaea (ground nut) is 
nodulated by Bradyrhizobium sp. (Urtz et al. 1996), however, there is no record whether these 
two crops are nodulated by similar rhizobia like ES29. Further research on cross inoculation 
between soybean and ground nut may give important information on the pool of rhizobia 
nodulating the two crops.  
ES1 and ES23 from South Ethiopia, and ES21 from SW Ethiopia, were closely clustered with 
B. ottawaense, where ES1 had shown a symbiotic efficiency of 69% under greenhouse 
conditions (See chapter 3, Fig 2). Similarly, Jaiswal et al. (2016) reported strains clustered 
with B. ottawaense. 
Strains under cluster D closely grouped with a B. diazoefficiens type strain. Strains ES2 and 
ES3 were effective and highly effective respectively, based on the shoot dry matter produced, 
after inoculation under greenhouse conditions (See chapter 3, Fig 2). Out of the four effective 
strains selected for field strains (Chapter 3), the clustering of the two efficient and acid 
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tolerant strains in this group suggests that this group can be targeted for future isolation of 
symbiotically effective acid tolerant strains. In two previous studies on genetic diversity of 
soybean nodulating rhizobia from Ethiopian soils (Aserse et al. 2012; Jaiswal et al. 2016), 
strains closely related to B. diazoefficiens were not reported. This might be due to the current 
study being focused only on strains that are tolerant to acid soil conditions, or that a greater 
diversity of sites was considered in the current work.  
The closest type strain for ES27 (Cluster E) is B. denitrificans and B. oligotrophicum, with a 
bootstrap support of 58%. B. denitrificans was reported to fix N with the plant Aeschynomene 
indica that is also found in Ethiopia. Further study is required to determine whether A. indica 
and soybean can be nodulated by a common strain, such as ES27.  
Strains from cluster F (9 strains from the four growing areas) form separate groups that did 
not match with either of the type Bradyrhizobia spp. used. Such separate groups that do not 
cluster with type strains have been previously reported from Ethiopia (Aserse et al. 2012; 
Jaiswal et al. 2016). Similarly, distinct Bradyrhizobium spp. are reported from studies in 
Myanmar, India, Nepal, and Vietnam (Vinuesa et al. 2008), India (Appunu et al. 2009), and 
China (Zhang et al. 2011) indicating wider geographical distribution and diversity of soybean 
nodulating rhizobia. This group consists of strain ES4, which showed a symbiotic 
effectiveness of 99% relative to a N-fed control in greenhouse conditions and was effective 
when used in field conditions (Chapter 3) showing the potential of this group to enhance 
soybean production as a locally adapted strain. 
Cluster G strain, ES11, did not closely group with any of the Bradyrhizobium sp. type strains 
and tended to be closer to the fast growing Rhizobium spp. Fast growing soybean nodulating 
rhizobia, S. fredii (Keyser et al. 1982; Chen et al. 2000; Hungria et al. 2001) and S. 
xinjiangense (Peng et al. 2002) were also identified. These two strains of Sinorhizobium sp. 
clustered closer to Rhizobium sp. than ES11 (data not shown), indicating the possibility that 
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ES11 is an unnamed soybean nodulating rhizobia. The ITS sequence analysis is a powerful 
tool to discriminate most of the Bradyrhizobium spp. and the result from the analysis of this 
16S-23S gene is found to be similar to results of DNA-DNA hybridization (Willems et al. 
2003). Taking this into account, the current analysis of acid tolerant soybean nodulating 
rhizobia are diverse, corroborating previous reports (Aserse et al. 2012; Jaiswal et al. 2016).  
The symbiotic effectiveness of acid tolerant strains in the Bradyrhizobium spp. was not 
related to phylogeny in any defined pattern, which was in contrast to our expectations, as the 
four most effective strains (ES1, ES2, ES3, and ES4) were found in three different clusters, 
while the rest of the clusters displayed a symbiotic effectiveness of either greater or less than 
50%. However, as mentioned above, as two of the four efficient isolates were grouped under 
cluster D, this group should be targeted for the screening of symbiotically effective and acid 
tolerant strains. 
A comparison of ITS sequences of the current acid tolerant strains with those of a previous 
study (Jaiswal et al. 2016) showed that the current acid tolerant strains are distinct, except for 
ES1 from South Ethiopia, which clustered with strains grouped with B. ottawaense (Figure 
4.3). Strains clustering near B. elkanii type strain were reported in previous studies (Aserse et 
al. 2012; Jaiswal et al. 2016). However, our study did not capture strains that clustered 
together with B. elkanii, as they were detected in large numbers in a previously study (Jaiswal 
et al. 2016). Hence, there is potential that the Ethiopian strains that clustered with B. elkanii 
may be acid sensitive, since they were not captured in the current study. 
Generally, the phylogenetic tree showed that the acid tolerant strains nodulating soybean in 
Ethiopia are scattered across the Bradyrhizobium genus. In addition, the acid tolerant strains 
that clustered together were found in different branches, indicating that they are likely to be 
different species. In addition, a comparison with previous studies showed that the acid 
tolerant isolates are distinct from those previously isolated on neutral pH media. Despite our 
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assumption that acid tolerant strains and/or efficient strains may form a particular cluster, the 
isolates were found to be scattered across the Bradyrhizobium genus and presumably were 
phylogenetically unrelated. Despite this, isolates clustered with B. diazoefficiens could be 
possible targets for future selection of efficient acid tolerant strains.  
Table 4. 1. Strains isolated from major soybean growing areas of Ethiopia, their effectiveness, ITS sequence 
length and their cluster group 





1 ES1 SE* 69 992 C present study 
2 ES2 SWE** 73 921 D present study 
3 ES3 Assossa zone 81 928 D present study 
4 ES4 Bako area 99 920 F present study 
5 ES10 SE 55 884 F present study 
6 ES11 SWE 52 905 G present study 
7 ES13 SWE 56 910 D present study 
8 ES14 SWE 52 908 F present study 
9 ES15 SWE 58 897 F present study 
10 ES21 Bako area 48 902 C present study 
11 ES23 SE 45 913 C present study 
12 ES26 SE 62 710 F present study 
13 ES27 SE 46 878 E present study 
14 ES29 SE 47 888 B present study 
15 ES30 Bako 52 746 F present study 
16 ES32 Bako 53 944 A present study 
17 ES34 Assossa zone 41 747 F present study 
18 ES40 Assossa zone 45 673 D present study 
19 ES42 Assossa zone 49 811 F present study 
20 ES45 Assossa zone 46 811 D present study 
21 ES50 Bako area 47 811 F present study 
22 TUTSFWI-63 SE NA 578 I Jaiswal et al. 2016 
23 TUTSBAGS-33 SE NA 598 I Jaiswal et al. 2016 
24 TUTSBAW-117 SE NA 749 I Jaiswal et al. 2016 
25 TUTSBAGS-98 SE NA 740 I Jaiswal et al. 2016 
26 TUTSMCL-79 NEW*** NA 726 I Jaiswal et al. 2016 
27 TUTSDGI-51 SE NA 737 I Jaiswal et al. 2016 
28 TUTSBCK27 SE NA 735 I Jaiswal et al. 2016 
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29 TUTSBCK-30 SE NA 1102 I Jaiswal et al. 2016 
30 TUTSPWG-81 NWE NA 855 I Jaiswal et al. 2016 
31 TUTSMCF-75 NWE NA 556 I Jaiswal et al. 2016 
32 TUTSBWI-25 SE NA 585 I Jaiswal et al. 2016 
33 TUTSDTGx-49 SE NA 813 I Jaiswal et al. 2016 
34 TUTSFCF-59 NWE NA 752 I Jaiswal et al. 2016 
35 TUTSMCL-77 NWE NA 708 I Jaiswal et al. 2016 
36 TUTSPCK-93 NWE NA 748 I Jaiswal et al. 2016 
37 TUTSPNV-107 NWE NA 756 I Jaiswal et al. 2016 
38 TUTSAWI-16 SE NA 877 I Jaiswal et al. 2016 
39 TUTSBWG-37 SE NA 879 I Jaiswal et al. 2016 
40 TUTSAAW95-6 SE NA 793 II Jaiswal et al. 2016 
41 TUTSDCF-44 SE NA 838 II Jaiswal et al. 2016 
42 TUTSBWI-23 SE NA 808 II Jaiswal et al. 2016 
43 TUTSBAGS-35 SE NA 811 II Jaiswal et al. 2016 
44 TUTSBAW95-
113 
SE NA 789 II Jaiswal et al. 2016 
45 TUTSBAW04-
120 
SE NA 813 II Jaiswal et al. 2016 
46 TUTSAGI-12 SE NA 615 II Jaiswal et al. 2016 
47 TUTSBAW95-
111 
SE NA 867 II Jaiswal et al. 2016 
48 TUTSBCK-28 SE NA 563 III Jaiswal et al. 2016 
49 TUTSACF-4 SE NA 797 IV Jaiswal et al. 2016 
50 TUTSACF-2 SE NA 903 IV Jaiswal et al. 2016 
51 TUTSACF-1 SE NA  900 IV Jaiswal et al. 2016 























Figure 4.2. Neighbour-joining phylogenetic analysis of the 16S-23S rDNA inter-transcribed spacer (ITS) 
sequences of acid tolerant soybean nodulating Bradyrhizobium spp. from major growing areas of Ethiopia.  



















Figure 4.3. Neighbour-joining phylogenetic analysis of the 16S-23S rDNA inter-transcribed spacer (ITS) 
sequences of acid tolerant Bradyrhizobium spp. nodulating soybean from major growing areas of Ethiopia  
(bold) compared with isolates from a previous study (Jaiswal et al. 2016) that were isolated from South and 
North West Ethiopia (bold and italicised). 
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Chapter 5   Isolation and evaluation of phosphate-solubilising 
bacteria associated with soybean  
5.1.  Introduction 
Phosphorus (P) is one of the macronutrients required by plants in large quantities. Despite its 
abundance in the soil in organic and inorganic forms, P is often found in forms that are not 
accessible (soluble) to plants, as P precipitates with inorganic cations (Richardson 2001) or is 
locked in organic compounds (Goldstein 1986). In acidic soils, P is usually bound with iron 
(Fe) or Aluminium (Al); in alkaline soils, P is predominantly associated with calcium 
(Richardson 2001; Khan et al. 2009).  
Phosphatic fertilizers are often applied to amend the deficiency of available soil P. However, 
the cost of such fertilizers is continually increasing, as they require high energy input and the 
availability of raw P-containing materials for farming is in competition with other industries. 
In addition, the deposits of quality phosphate rocks are finite (Neset et al. 2012). P use 
efficiency is low and it is estimated that plants can use up to only 25% of the applied 
fertilizers (Rodrıǵuez et al. 1999; Stevenson 1999; Turan et al. 2006). In addition, the 
fertilizers can have negative environmental impacts through leaching and run off (Richardson 
2001; Khan et al. 2009; Vitorino et al. 2012). 
Phosphate solubilising microorganisms (PSM) have been considered as options to alleviate a 
plant deficiency of available P in soils. PSMs have the capability of dissolving the plant-
inaccessible P pool in the soil (Richardson 2001; Khan et al. 2007; Saharan 2011; Vitorino et 
al. 2012). Secretion of low molecular weight organic compounds is thought to be the major 
mechanism for releasing cation-bound P into soil solution (Richardson 2001). Laboratory and 
greenhouse experiments have shown that phosphate solubilisation traits of microorganisms 
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can result in plant growth promotion when plants are under P deficiency (Cattelan et al. 1999; 
Vikram et al. 2007; Taurian et al. 2010; Viruel et al. 2011). 
Research on microbial phosphate dissolution has focused on the P solubilising properties of 
microorganisms in vitro either singly or with other microorganisms. However, field 
evaluation of their effect has not been widely reported and consistent results have not been 
obtained (Richardson 2001; Khan et al. 2009; Bashan et al. 2013). Accordingly, this study 
investigated the potential for P-solubilising microorganisms from Ethiopia to increase the 
yield of soybean across major soybean growing regions of Ethiopia. 
5.2.  Materials and methods  
5.2.1 Initial in-vitro phosphate dissolution 
Five soil samples from four soybean growing areas of Ethiopia (Chapter 3, Figure 1) (South 
Ethiopia, South Western and Western part of Oromia region and Benishangul Gumuz) were 
used as sources of phosphate dissolving bacteria (Table 5.1). Serially diluted soils (1g each) 
were streaked on plates (dilution levels from 10-6 to 10-8) containing 5g L-1 tricalcium 
phosphate (TCP) (Pikovskaya 1948), 5 g L-1 AlPO4 or 2 g L
-1 FePO4 on Reyes basal media 
(Reyes et al. 1999). The plates were incubated at 28°C for 10 d. The isolates that showed a 
halo zone were spot inoculated into the above three types of agar plates and incubated for 10 
d at 28°C. Total diameter (TD) of strains that form halo zone (solubilisation zone), halo zone 
diameter (HD) and colony diameter (CD) were measured and their phosphate solubilisation 
index (SI) was determined. The phosphate solubilisation index was calculated according to 
Kumar et al. (1999) using the formula : 
 SI= TD/CD, where TD= CD+HD  
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5.2.2 Determination of phosphate dissolution efficiency in liquid cultures 
Three replicates of liquid solutions of the above three media (Ca, Al and Fe as P sources) 
were prepared and inoculated with 0.2 mL (108 cfu mL-1) of each of the bacterial isolates that 
were pre-grown on 20 mL of trypticase soy broth (those with wider halo diameter when 
grown on Pikovskayas (PKV) medium). Un-inoculated controls were used for each P-source. 
After 10 d of growth on shaker at 28oC and a speed of 120 rpm, the pH of each of the 
solutions was determined and 1 mL of each culture solution was taken and centrifuged at 
14,000 rpm for 5 min. The available P was quantified from the supernatant solution using a 
spectrophotometer (Jenway, 6300, UK) following Bray-II procedure. 
5.2.3 Characterization of phosphate solubilising bacteria using inter transcribed 
region (ITS) sequence of 16S-23S rRNA.  
5.2.3.1 PCR amplification 
The 16S-23S rRNA region of the isolates was amplified based on method in a paper (Jaiswal 
et al. 2016) using the primers FGPS1490-72 (5′TGCGGCTGGATCACCTCCT3′) and 
FGPL132-38 (5′ CCGGGTTTCCCCATTCGG3′) (Bioline, Australia) with a thermal cycler 
(GeneTouch, Bioer). Polymerase chain reaction (PCR) was carried out in 23-μl reaction 
volume containing 5 μl (5×) MyFi Reaction Buffer, 1 μl (5 U μl-1) MyFi DNA polymerase 
(Bioline, Australia), 1 μl (10 pM) of each of the primers and double distilled water. Bacterial 
cells were transferred to the appropriate tubes by lightly touching a freshly grown culture with 
a sterile pipette tip and swirling in the PCR solution to transfer cells; tubes were briefly 
centrifuged before the reaction was carried out. The PCR reaction conditions were set for 
lysis (and initial denaturation) at 95°C for 5 min, followed by 35 cycles of 30 s of 
denaturation at 95°C, 30 s of annealing at 56 °C, 2 min of extension at 72°C. The final step 
involved an extension for 5 min at 72°C.  
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5.2.3.2 PCR confirmation 
The presence of amplicons was checked by horizontal gel electrophoresis on 1.5 % agarose 
gel stained with SYBR safe with 2 kb DNA marker (EASY ladder I, Bioline, Australia).  
5.2.3.3 DNA purification and Sequencing  
The amplicons were purified with Isolate II PCR and Gel purification kit (Bioline, Australia) 
according to the manufacturer’s instruction. The purified samples were sequenced with 
Sanger sequencing (Applied Biosystems genetic analysis systems, ThermoFisher Scientific) at 
AGRF (Adelaide, South Australia).  
5.2.4 Field Experiment on phosphate solubilisation 
Three isolates with the highest measured TCP dissolution, based on the liquid dissolution 
experiment (designated as EPS1, EPS2, and EPS3), were prepared for field inoculation. The 
carrier material used was filter mud, a by-product of sugar cane processing, which has been 
used previously to formulate microbial inoculants (Philpotts 1976). The filter mud was 
ground, passed through a 200 mesh sieve (0.09 mm) and neutralised by addition of CaCO3. 
The carrier material was sealed in polyethylene bags (125 g per bag) and autoclaved. The 
isolates (EPS1, EPS2, and EPS3) were grown in 25 mL nutrient broth in 50 mL flasks. After 5 
d of growth, the broths were transferred to 1 L Nutrient broth in sterilized 2 L flasks and 
grown with shaking for 5 d to 109 cfu mL-1 before being used to aseptically inoculate prepared 
carriers. Carries sachets of 125 g were inoculated with 45 ml of the nutrient broth containing 
the bacterial isolates in a laminar flow. 
5.2.5 Experimental design 
Experiments were established in six farmers’ fields side by side to the previous acid tolerance 
experiment using a randomized complete block design (RCBD) with six treatments replicated 
four times. Three treatments were the bacterial strains and two treatments were full and half 
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dose of phosphorus fertilizers (20 kg P ha-1 and 10 kg P ha-1) applied as Triple Super 
Phosphate (TSP), Ca (H2PO4)2.H2O. The negative control treatment received neither isolate 
nor P fertilizer. Soybean cv. Clark was used for all treatments and seed were inoculated with a 
commercial N fixing strain (MAR 1495, TSBF-Nairobi) while the phosphate dissolving 
strains were applied (500 g ha-1 at 109 cfu g-1 carrier) in furrow at 5 cm before seeding at the 
same depth. 
5.2.6 Data collection 
The presence and absence of halo zones, the diameters of the halo zones and the diameter of 
the colony were recorded for phosphate dissolution activity of the microorganisms grown on 
the three P sources contained in agar plates. The concentration of available P and the pH were 
determined for the phosphate dissolution experiment. In the field experiments, plants were 
hand harvested and grain yield was recorded after oven drying for three days at 70 °C. 
5.2.7 Statistical analysis 
The data from phosphate dissolution in liquid cultures and yield data from field experiments 
were subjected to analysis of variance (ANOVA) using the General Linear Model Procedure 
of GenStat (VSN International, 2014) and considered significant when P<0.05. Means of all 
the treatments were calculated and differentiated using LSD test for the experiments that 
produced quantitative data. 
5.3.  Results 
5.3.1 Initial phosphate dissolution screening 
The halo zone indicating phosphate dissolution of the strains were measured on PKV media. 
Five isolates that form halo were selected (Table 5.1). The solubilisation indices of the five 
isolates were between 1.5 and 3.3 while their colony diameters were between 2.9 and 3.2 at 
the 10th d. The five strains changed the colour of the growth media containing both AlPO4 and 
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FePO4 into yellow, indicating a reduction of pH but there was no clear halo zone formation as 
seen on Ca3(PO4)2.  
5.3.2 Phosphate dissolution in liquid culture 
In the laboratory experiment, the amount of available P released into solution differed among 
the bacterial isolates and the P sources used (Table 5.1). The largest available P in the liquid 
culture was recorded for Ca3(PO4)2 (187.4 mg L
-1). EPS1 was able to release the highest 
amount of available P both from Ca3(PO4)2 (187.4 mg L
-1) and FePO4 (32.4 mg L
-1) which 
were 216 and 73% larger than the P concentration of their respective controls. EPS1 to EPS4 
were able to dissolve larger concentrations of P from AlPO4 and the increase in soluble P 
ranged between 34-86% compared to the un-inoculated control. Among these four isolates, 
EPS2 released the highest amount of P (12.9 mg L-1) from AlPO4, which was 86% larger than 
the P concentration compared to the control. EPS3 increased P concentration of Ca3(PO4)2 
containing solution by 37% compared to the control. The rest of the isolates increased soluble 
P by 20-73%, except EPS4, which was similar to that of the control.  
The increase in P concentration in the solution was also accompanied by a decrease in pH of 
the media relative to the respective controls, as the correlation coefficients between pH and 
available P were negatives. The correlation coefficients between pH and available P were -
0.8,-0.7 and -.93 for Ca3(PO4)2, FePO4 and AlPO4 respectively. The highest soluble P 
concentrations from both AlPO4 and Ca3 (PO4)2 were recorded from the lowest numerical pH 
values, while for FePO4 it was from the third lowest pH (Table 5.1). Both AlPO4 and FePO4 
resulted in a maximum pH decrease by 1.7 units while Ca3 (PO4)2 was accompanied by a 
maximum pH decrease of 1.3 pH units (Table 5.1). 
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5.3.3 ITS sequences of the phosphate solubilising bacteria 
The ITS sequences of the five phosphate solubilising bacterial isolates were compared with 
the database in silico and identified based on their similarity with the known strains. 
Accordingly, the first isolate (EPS1) was found to belong to the Pseudomonas genera while 
the rest of the four isolates (EPS2-EPS5) were from the genera of Bacillus (Table 5.1).  
5.3.4 Field experiments  
For the field experiments, a significant difference in grain yield was not observed in yield 
among controls, P applications and inoculation treatments except at site 2 (Table 5.2). Even 
though the differences were non-significant, consistent yield increases compared to negative 
controls were observed at the individual sites. Yield increase due to the application of the full 
dose of P (20 kg ha-1) ranged between 5-50% (site 1 and site 6 respectively) for the six 
experimental sites with a mean increase of 22% while inoculation with EPS1 increased yield 
between 3.5-54% with a mean yield increase of 13.8%. The lowest yield increase among the 
treatments was observed for EPS2, ranging from -12.5 to 26.8% with a mean increase of 
5.6%. The yield increase with EPS 3 compared to control ranged between -12.5 to 27% with a 
mean value increase of 13.4%. Yield increase due to the application of a half dose of P over 
the control ranged from 4 to31.7% with a mean of 10.3% across the six experimental sites. 
5.4.  Discussion 
Inoculation with phosphate solubilising microorganisms can be beneficial in increasing the 
phosphorus nutrition of plants. Al-P and/or Fe-P in acid soils or Ca-bound P in alkaline soils 
are released into the plant available P pool of the rhizosphere due to the action of the PSMs 
(Goldstein 1986). The bacterial isolates in this study increased the concentration of available 
P in the three tested P sources under laboratory condition compared with the un-inoculated 
controls. The highest concentrations of P released, compared to the controls were 86, 73 and 
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216% for Al, Fe and Ca sources, respectively. Plant growth promotion by similar species of 
this study, B.subtilis, B. velenzesis, and P. fluorescens, were previously reported from acidic 
soils of coffee growing areas of Ethiopia (Muleta et al. 2009). Strains of B. safensis were also 
found in diverse terrestrial and marine environments and are known for their plant growth 
promoting properties (Lateef et al. 2015).  
The major soybean growing areas of Ethiopia are covered by acid soils (Chapter 3, Table 1). 
The major P forms in acidic nitisols of Ethiopia are mainly comprised of Fe-P and smaller 
amounts of Al-P and Ca-P (Piccolo et al. 1986; Mamo et al. 1987). Hence, isolates that have 
the capacity to dissolve larger amounts of Fe-P together with Al and Ca bound P are 
important to increase the plant available P content. Because of this, EPS1 that increased the 
available P from Fe-P by 73% in vitro was considered the best candidate, followed by EPS2 
and EPS3 although not significantly different from the control under field conditions.  
The increase in available P in the liquid solution due to inoculation of the isolates was 
negatively correlated with pH of the media. Such negative association between pH and P 
concentration was reported in previous studies (Illmer et al. 1995; Whitelaw et al. 1999; Chen 
et al. 2006; Yu et al. 2012) and secretion of short carbon chain organic acids was considered 
as one of the main mechanisms that lead to the dissociation of cations and P (Whitelaw et al. 
1999; Richardson 2001). In one study, HPLC analysis of the media in which phosphate 
dissolving bacteria had grown indicated the secretion of organic acids, including citric acid, 
gluconic acid, lactic acid, propionic acid, with the most common forms of organic acids being 
gluconic acid, oxalic acid and citric acid (Richardson 2001). 
There is increasing interest in the application of phosphate solubilising microorganisms to 
improve P nutrition and yield. Promising results have been demonstrated in the field and 
greenhouse for plant growth promotion through inoculation of these microorganisms on 
several crops; for example, rice (Estrada et al. 2013), canola (De Freitas et al. 1997), maize 
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(Hameeda et al. 2008), and sunflower (Ekin 2010). However, it is not uncommon that 
microorganisms displaying phosphate solubilising traits in a laboratory fail to demonstrate 
significant plant growth promotion in field conditions (Richardson 2001, Bashan 2013). 
Further investigation is required on the methodologies of selecting these microorganisms, 
carrier material formulation for inoculations, and interaction of the organisms with the host 
crops and the environment (Richardson 2001).  
In this study, the isolates demonstrated phosphate solubilising capacity, especially in liquid 
cultures although inoculated into furrows did not result in significant yield increases 
compared to control treatments. Even though the differences were not statistically significant, 
the grain yield of control plants was the lowest or near the lowest among the control 
treatments across all six field sites. Application of full P resulted in an average of 22% yield 
increase across the six sites ranging from 5% in site 1 to 49.9% in site 6. Responses to 
inoculation with the isolates varied due to location. Inoculation with EPS1 led to an average 
of 13.8% yield increase across locations ranging from 3% to 54%, better than the half 
application of P. This isolate can be further investigated for possible growth promotion and 
the effect on plant P content. Lack of significant yield increase of soybean for application of 
20 kg P at Assossa, near to site 5 and 6, was also reported previously (Argaw 2011). A lack of 
P response could be due to the high phosphorus buffering index of the soil at the experimental 
sites (See table 5S2 in chapter 5) such that the blanket recommendation of 20 kg P ha-1 did not 
show significant difference, since the P might be converted into unavailable forms. As shown 
in Chapter 5, our soil sample collection sites had phosphorus buffering index (PBI) as high as 
558, the average being 280. The blanket recommendation might not consider the high PBI 
values at sites with low pH. Such un-responsive rates of fertilizer applications could be 
changed with the ongoing calibration work being conducted by the Ethiopian Institute of 
Agricultural research intended to develop soil test based fertilizer recommendations for 
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various crops including soybean. The impact of soil type on these interactions is also 
important. Higher rates of P application (30 kg P ha-1) were required to increase the 
production of soybean in a previous study at Alabama in acidic, and Kaolinitic soils with low 
organic content (Cope 1981). In other circumstances application of 60 kg P ha-1 did not show 
significant soybean yield increases over controls, until 60 kg P ha-1 was accompanied with 
112 kg K ha-1 (Jones et al. 1977). Clearly, the soil phosphorus chemistry is an important 





Table 5.1. Taxonomy and colony size of phosphate solubilising test isolates, and concentration of dissolved P, 10 d after inoculation of three P sources with 5 different types 
of phosphate dissolving bacteria 










Initial in vitro 




TD SI pH* P(mg L-1) pH P(mg L-1) pH P(mg L-1) 
EPS1 Pseudomonas  P. fluorescens 2.9 9.5 3.3 5.1 11.3 ± 0.06b 5.4 32.4 ± 0.5a 5.2  187.4 ± 6.8a 
EPS2 Bacillus  B. subtilis  3.2 9.4 2.9 4.2 12.9 ± 0.2a 4.7  24.9± 0.5b 5.8  68.2 ± 0.4c 
EPS3 Bacillus B. safensis 3.0 8.8 2.9 5.6 9.6 ± 0.3c  4.3 24.9 ± 0.8b 5.7  81 ± 0.6b 
EPS4 Bacillus B. velenzesis 3.2 6.6 2.1 5.7 9.3 ± 0.2c 5.8 20.7 ± 0.6c 6.2  62.53 ± 1.3cd 
EPS5 Bacillus B. velenzesis** 3.0 4.5 1.5 5.8 8.37 ± 0.6cd 5.9 22.5 ± 0.06d 5.8  62.17 ± 1cd 
Control      5.9 6.93 ± 0.2d 6.0 18.7 ± 0.5e 6.5  59.27 ± 0.2d 
LSD0.05       0.4  1.67  8.8 






Table 5.2. Yield response of soybean at harvest for the application of different phosphate dissolving inoculants at 
six experimental sites 
 Grain yield (kg ha-1) 
Treatment 
Site1 







Site6 (Assossa on 
farm) 
Control 2160a  1389ab 856.0a 757.7a 758.4a 420.5a 
EPS1 2299a  1458ab 885.5a 1167.8a 961.9a 451.1a 
EPS2 2257a 1215b 758.7a 881.0a 961.9a 463.6a 
EPS3 2247a 1215b 941.0a 960.5a 959.1a 498.3a 
1/2P 2254a 1458ab 878.5a 790.7a 869.2a 553.9a 
P** 2268a 1667a 928.9a 935.5a 938.3a 630.3a 
*JARC= Jimma Agricultural Research Centre, AARC=Assossa Agricultural research Centre  


















Chapter 6   Assessment of symbiotic effectiveness and 
population size of soybean rhizobia in Ethiopian soils to assist 
appraisal of crop inoculation requirements  
Chapter five contains a manuscript submitted for publication from this thesis that investigates 
the population size and effectiveness of soybean nodulating rhizobia from key soybean 
growing regions of Ethiopia. 
6.1.  Manuscript summary 
Soils from soybean growing regions of Ethiopia were assessed for the resident rhizobia 
population density and effectiveness. Variable population density, ranging from 0 to >1.5 × 
10-4 cfu g-1 soil were recorded. Nearly half of the soils had a low population (<300 cfu g-1 
soil), while the majority (72%) of the other half of soil samples had effective rhizobial 
population and these effective populations were found mainly in one region, South west 
Ethiopia. The other three regions had low and ineffective rhizobial population indicating high 
likelihood of response to inoculation.  
6.1.1 Context 
The newness of the crop, coupled with anecdotal evidence on the lack of nodulation, 
suggested that low numbers of soybean rhizobia were expected in soils. In contrast, several 
previous studies have demonstrated that competition with soil resident populations of rhizobia 
can result in non-responsive inoculation (Brockwell et al. 1982; Thies et al. 1991b; Denton et 
al. 2000). Considering these experiences, investigating the soil resident population density 
and effectiveness of soybean nodulating rhizobia is critical in predicting and planning 





6.1.2 Research objective 
Investigating the population size and effectiveness of soybean nodulating rhizobia to assist in 
predicting soybean nodulation requirements. 
6.1.3 Methods 
Controlled environment assessment of the soil samples was performed using inoculation of 
soybean with soil suspensions (“Whole soil inoculation”) to determine the effectiveness and 
the most probable number of the rhizobial population (MPN technique).  
6.1.4 Findings 
Inoculation response is likely in three out of the four regions studied, while the fourth region 
(South west Ethiopia) harbours effective strains that can be a further source of locally adapted 
strains. 
6.1.5 Implications 
Large areas of soybean growing regions of Ethiopia are likely to benefit from soybean 













6.3.  Article, as submitted to Soil Science and Plant Nutrition (excluding 
references) 
Assessment of the symbiotic effectiveness and population size of soybean rhizobia in 
Ethiopian soils to assist appraisal of crop inoculation requirements 
Daniel Muleta 1, 2, Maarten H Ryder 1 and Matthew D Denton 1* 
 1School of Agriculture, Food and Wine. The University of Adelaide, SA 5005, Australia. 
daniel.fana@adelaide.edu.au; maarten.ryder@adelaide.edu.au.  
 2Holleta Agricultural Research Centre, Ethiopian Institute of Agricultural Research, 
P.O. Box 2003, Addis Ababa, Ethiopia. 
* Correspondence: matthew.denton@adelaide.edu.au; Tel.: +61-8 8313 1098 
Running title: inoculant requirements for soybean in Ethiopia 
Abstract: Soil rhizobial population density and symbiotic N fixation effectiveness are factors 
that assist in predicting a legume response to inoculation, but are largely unknown for 
soybean in Ethiopia. The abundance and symbiotic effectiveness of soybean-nodulating 
rhizobial populations were assessed in fifty-five soils from major soybean-growing areas of 
Ethiopia, using the most probable number and whole soil inoculation techniques. Estimated 
population densities of soybean rhizobia ranged from non-detectable to >1.5×104 cfu g-1 soil; 
49% of the soils had rhizobial populations of <300 cfu g-1 soil. Shoot dry weight of plants 
inoculated with soil suspensions ranged between 45 to 142 mg plant-1, compared with 60 mg 





(Bradyrhizobium japonicum strain CB1809). Comparison of shoot dry weights showed that in 
soils with populations of >300 cfu g-1 soil, 13% contained ineffective rhizobial populations, 
while 15% contained moderate and 72% of soils contained effective rhizobial populations. 
Soils from southwestern Ethiopia had larger and more effective rhizobial populations; here, 
widespread crop inoculation responses are unlikely. Responses to inoculation would be very 
likely in South Ethiopia, West Ethiopia and Assossa areas, as the soils mostly contained few 
and/or ineffective populations. In these latter regions, extension efforts related to inoculation 
of soybean should be targeted to provide the greatest likely benefit. 
Keywords: most probable number, N fixation, resident rhizobia, soybean, symbiotic 
effectiveness, whole soil inoculation. 
1. Introduction 
Soybean is one of the most valuable and versatile crops in the world. It is a cheap source of 
quality protein for both human consumption and animal feed, and is used in the production of 
numerous products including biodiesel blends, inks, plasticizers, paints and cosmetics 
(Cahoon 2003; Erickson 2015). Twentynine percent of the vegetable oil in the world market 
is produced from soybean, demonstrating its importance as an oilseed crop (USDA 2017). 
Soybean makes an important contribution to soil N through symbiotic N fixation. In field 
conditions, soybean fixes 334 kg N ha-1 on average and can fix up to 450kg N ha-1 in 
favourable conditions (Boddey et al. 1984; Keyser et al. 1992; Unkovich et al. 2000), hence 
farming systems that rely on soybean N fixation have a lower requirement for N fertilizer 





Due to the demand for soybean products, production has increased worldwide by an average 
of 4.6% annually from 1961 to 2007 (Masuda et al. 2009) with annual production growing 
from 217.6 million t in 2005-07 to 319.73 million t in the 2014/15 (Masuda et al. 2009; 
USDA 2016). In 2014/15, the world average yield for soybean was 2.7 metric t per hectare, 
while it was 3.2 for USA (USDA 2016). 
Similarly, soybean production is increasing in Sub-Saharan Africa due to demand for cheap 
protein and for soil fertility maintenance (Sinclair et al. 2014). As an example, Uganda’s 
soybean production has increased from 158,000 t in 2005 to 213,000 t in 2011 (Murithi et al. 
2016). In Ethiopia, soybean production has increased thirty-eight fold from 1,600 t in 2002 to 
nearly 61,000 t in 2014 (Bekabil 2015). However, soybean productivity is particularly low in 
Africa, and well below 2 t per hectare in most of these soybean-growing countries in Africa 
(USDA 2016). In Ethiopia, the yield was below 1 tonne per hectare (CSA 2012) and it is only 
in the 2014/15 cropping season that the average yield rose to 2 t per hectare (Bekabil 2015). 
Soybean N fixation is accomplished through nodulation with rhizobia, Bradyrhizobium spp. 
Absence or low abundance of rhizobia compatible with soybean was reported in soils of nine 
African countries (Abaidoo et al. 2007), which might explain the lower yields of soybean, in 
addition to low soil fertility and limited agricultural inputs (Jaiswal et al. 2016). 
 The population density and effectiveness of rhizobia in a soil have been used as reliable 
predictors of the need to inoculate legumes (Thies et al. 1991; Furseth et al. 2010). 
Determining the effectiveness of resident rhizobial populations can be constrained by the 
perceived need to isolate individual strains of rhizobia to assess effectiveness (Brockwell et 





more effective assessment of the symbiotic effectiveness of a population of soil rhizobia can 
be made using the whole soil inoculation (WSI) technique (Brockwell et al. 1988), which can 
provide a rapid assessment of the entire soil population, which is more likely to represent the 
overall crop response to a genetically or phenotypically diverse population. The WSI method, 
coupled with the most probable number (MPN) technique, can provide an assessment of the 
need for inoculation (Denton et al. 2000), as these combined techniques estimate both density 
and symbiotic effectiveness of the soil population of rhizobia. 
Although studies have recently focused on the genetic diversity of soybean rhizobia (Aserse 
et al. 2012; Jaiswal et al. 2016), information is lacking on the abundance of resident soybean-
nodulating rhizobia in Ethiopian soils. The absence of nodules on soybean roots in some 
fields has been observed (Aserse et al. 2012); however, observations have not been made 
across all the areas where soybeans are grown. Inoculation responses for soybean have been 
obtained using local and imported commercial inoculants in field conditions (Bekere 2012; 
Jefwa et al. 2014; Muleta et al. 2017); however, inoculation has not consistently improved 
yield, and failures have been observed (Aserse et al. 2012) in areas such as Bako and Assossa. 
The reasons for poor performance of inoculants is not clear but poor adaptation of rhizobia to 
low soil pH is one possibility (Aserse et al. 2012). Soil acidity was previously reported to 
significantly decrease the response of soybean to inoculation in Southwestern Ethiopia 
(Bekere et al. 2013). 
In this study, we assessed the abundance and symbiotic effectiveness of rhizobia in soils 
sampled from the four major soybean-growing areas of Ethiopia, using the WSI and MPN 





histories were established. It was hypothesised that low populations and/or low effectiveness 
of soybean-nodulating rhizobia in Ethiopian soils may limit effective N2 fixation and the 
production of soybean. The objectives of this study were therefore to 1) assess the population 
density of soybean nodulating rhizobia across the main soybean growing areas of Ethiopia, 2) 
evaluate the effectiveness of the soil resident rhizobial population on soybean yield and 3) 
provide recommendations on future inoculation practices based on observed soil rhizobial 
population sizes and symbiotic effectiveness.   
2. Materials and Methods  
2.1. Site selection and collection of soil samples  
Fifty-five soil samples were collected from four major soybean-growing areas of Ethiopia: 
SNNP (SE, n = 11), Southwestern Oromia (SWE, n = 21), Western Oromia (WE, n = 16) and 
Assossa Zone of Benishangul Gumuz (AZ, n=7) (Table S1, Figure 5.1). Farmers at most of 
the collection sites provided at least two years of cropping and inoculation history of the 
fields. Soil samples (0-20 cm depth) were taken from four points in each field and were mixed 






2.2. Soil analysis  
The soils collected from the field were air-dried, ground, and passed through a 2 mm sieve. 
All the analysis followed the methods of Rayment et al. (1992) and included total N using a 
Leco analyser (Method 6B1), pH H2O (Method 4A1), pH CaCl2 (Method AB1), electrical 
conductivity (Method 3A1), nitrate N and ammonium N (Method 7C2b), Colwell phosphorus 
(Method 9B), Bray II P (Method 9E2), organic carbon (Walkley and Black, Method 6A1), 
phosphorus buffering index (PBI, Method 912c), texture using mid-infrared (Method 6B4b). 
Analyses indicated that the pH (CaCl2) of the soil samples ranged from 4.0 to 6.8, with a 
mean of 5.5 (Table S2). The samples were generally low in total N (mean 0.23%), organic 
carbon (mean 2%), electrical conductivity (median 0.09 units) and P (Bray-I, median 0.1 
units). The samples had high PBI (median 279.8) indicating high P fixation potential of the 
soils. Clay content was generally high, with a maximum of 49.5% (mean 34.4). Soil texture 
ranged from clays (e.g. soils 29 and 57) to sandy clay loams (e.g. soils 19 and 30) and 
included clay loam soils (e.g. soil 36) and sandy clay (e.g. soil 1).  
2.3. Most probable number determination and whole soil inoculation 
The population density of soybean-nodulating rhizobia and N fixation effectiveness of the soil 
rhizobial population were determined concurrently in one experiment. To determine MPN of 
the soils (Brockwell 1963; Woomer 1994), six levels of serial dilution of each soil (5-1 to 5-6) 
were prepared and each soil dilution was used to inoculate four pots (each with one plant). 
Symbiotic effectiveness using the whole soil inoculation technique (Brockwell et al. 1988) 
was determined from the replication of plants that received the lowest dilution, i.e. the highest 





small populations and may not provide an accurate representation of the effectiveness of the 
rhizobial population, as this number may limit the expression of symbiotic effectiveness 
(Denton et al. 2000); those categorised as having >300 cfu g-1 soil are considered to be large 
populations.  
Pots were prepared using aseptic techniques (washed with detergent, dried and sprayed with 
70% alcohol) and the experiment was conducted in a quarantine-approved facility. 
Approximately 460 g of pre-washed sand and vermiculite (1:1, vv-1) was added to each 500-
ml pot, moistened with McKnight’s nutrient solution (McKnight 1949) to 60% of the pore 
space, and sterilised for 20 min at 121°C. Soybean (Glycine max cv. Soy791) seeds were 
surface sterilised using 95% ethanol for 10s and 3% sodium hypochlorite for 3 min 
(Somasegaran et al. 1985) followed by rinsing with six changes of sterile water. Seeds were 
aseptically transferred to pots (4 seeds pot-1) and thinned to one plant per pot 7 d after 
germination. 
Soil suspension and inoculation were carried out aseptically. Soil samples (100 g) were 
suspended in 400 ml of sterilised saline solution (0.89% NaCl) and mixed on a shaker at 150 
rpm for 25 min. Each of the soil suspensions was diluted through a six-step fivefold series (5-1 
to 5-6), transferring 5 ml of suspension to 20 ml of sterile saline solution at each step (Woomer 
1994). For each soil, four pots for each dilution were inoculated with 1 ml of suspension, a 
total of 1320 pots. A reference strain (CB1809, obtained from the Australian Inoculants 
Research Group, Gosford, NSW) was grown in yeast extract mannitol broth (Somasegaran et 
al. 1985) for 7 d and used to inoculate four replicate plants. Negative controls without 





randomised and the sand surface was covered with sterile 3 mm alkathene beads to reduce 
water loss and contamination. The plants were grown in a controlled environment room with 
a 12 h photoperiod with day / night temperatures of 25°C / 15°C, respectively. 
2.4. Harvest 
Plants were harvested 6 weeks after inoculation. The roots were assessed for the presence or 
absence of nodules, to determine the MPN and its correlation with other growth parameters. 
The four plants with the first dilution (5-1) were assessed for symbiotic N fixation 
effectiveness, relative to the un-inoculated control and the reference strain. During harvest, 
the nodules were counted, and shoots and roots were oven dried at 70°C for 48 h before being 
weighed. 
2.5. Data analysis 
The MPN estimate was determined following the procedure outlined by (Woomer 1994). The 
lower and upper confidence interval limits (p = 0.05) for each estimate were calculated by 
dividing and multiplying the respective estimate by 3.40 (Woomer 1994). 
The shoot dry weight data of the plants used for whole soil inoculation (the first four plants 
that received the lowest dilution) were taken and subjected to analysis of variance (ANOVA) 
using GenStat (VSN International 2014). The least significant difference (LSD) was used to 
separate treatment means at 5% level of significance and mean shoot dry weights of the 
treatments were compared with the un-inoculated plants and/or plants inoculated with 
CB1809. An isolate was considered effective if the mean value of the dry matter accumulated 





inoculated host, while being significantly different from the un-inoculated control. An isolate 
was classified as moderately effective if the performance of the inoculated plant was 
significantly higher than the un-inoculated control but significantly lower than that of the 
CB1809-inoculated host, and ineffective if the dry matter accumulated was not significantly 
different from that of the un-inoculated control (Abaidoo et al. 2007). 
3.  Results 
3.1. Rhizobial population density 
The density of rhizobial populations in the soils ranged from non-detectable to > 1.5×104 cfu 
g-1 soil (antilog 104.18). Forty- nine percent of the soils (27 of 55) had a low rhizobial count 
(<300 cfu g-1 soil, Table S1). Soils from SWE, WE and AZ had maximum rhizobial 
populations of >1.5×104 cfu g-1 soil, while the maximum density of the rhizobial population 
for SE was 5.9×104 cfu g-1 soil. No rhizobia were detected in two of the 16 soil samples from 
the Bako area (soils 45 and 51) in WE (Table S1).  
The highest proportion of soil samples with large rhizobial populations (>300 cfu g-1 soil) 
were typically identified from SWE of the Oromia Regional State, while soil samples from 
WE of the same Oromia Regional State had the lowest proportion of soil samples with large 
rhizobial populations (Table S1). Conversely, the highest proportion of soil samples with 
small rhizobial populations (<300 cfu g-1 soil) were found from WE, while the lowest 
proportion was from SWE. 





The rhizobial population density was not significantly correlated with either the years since 
soybean was last sown (R2 = 0.02) or with the history of inoculation (R2 = 0.0004) (Table S1). 
3.3. Symbiotic effectiveness 
The symbiotic effectiveness of the soil rhizobial populations was assessed by comparing 
shoot dry weight of inoculated plants with shoot dry weights of the negative control (without 
inoculation or N addition) and of CB1809-inoculated plants. Inoculation with the soil samples 
resulted in shoot dry weights ranging from 45 mg (soil 3 from WE) to 142 mg (soil 26 of 
SWE), whereas the un-inoculated plants and the plants inoculated with CB1809 had means of 
62 and 136 mg, respectively. In 25% of the soils sampled, rhizobial populations were less 
than half the symbiotic performance of CB1809, while 62% of the surveyed soils had 
ineffective rhizobial populations. Soils with <300 cfu of rhizobia g-1 soil (49% of soil 
samples) did not increase shoot dry weight above that of the un-inoculated plants. The soil 
samples with >300 cfu g-1 soil (51%) were categorised as having effective (31%), moderately 
effective (7%) and ineffective (13%) rhizobial populations (compared to CB1809 and the un-
inoculated control; Figure 5.2). 
Soil samples from the different soybean-growing areas differed in the proportion of effective 
rhizobia populations that they contained. SWE soils had the highest frequency of effective 
(62%) and moderately effective (24%) rhizobial populations, relative to CB1809, while none 
of the soils sampled from AZ harboured effective populations. The proportions of soil 
samples containing effective rhizobial populations for SE and WE were 2% and 19% 






3.4. Associations among measured variables 
Rhizobial density (MPN) was positively correlated with shoot dry weight (R2 = 0.33, P < 
0.001, Figure 5.4). Nodule number per plant ranged between 0 (soils 45 and 51, and the un-
inoculated control) and 69 (soil 49), and was positively and significantly correlated with shoot 
dry weight (R2 = 0.38, P< 0.01, data not shown).  
3.5. Soil properties correlated with rhizobia population density and 
effectiveness 
There were no meaningful correlations between soil properties and rhizobial population size 
and effectiveness (Table S2). However, a significant relationship (R2 =0.47) was observed 
between symbiotic effectiveness and rhizobial population size. 
4. Discussion 
This is the first study to quantify the soil population densities of soybean-nodulating rhizobia 
and their symbiotic effectiveness in Ethiopia. The assessment of rhizobial numbers and 
symbiotic effectiveness is useful in allowing the prediction of responses to inoculation 
(Brockwell et al. 1988; Ballard et al. 2004; Herridge 2008) and are therefore likely to be 
important determinants that can improve N2 fixation, yield, and grain protein level. 
In this study, 96% of the soil samples assessed contained rhizobia that were able to form 
nodules on soybean. The soil samples that formed nodules were taken from fields that grew 
soybean in rotation with other crops or had grown soybean only once (e.g. soils 9 and 19), or 
where soybean had not been grown (e.g. soil 36). Two fields from natural forests adjacent to 





rhizobia in soils from natural forests and from soils that had never been cultivated suggests 
that soybean-nodulating rhizobia may be indigenous to some Ethiopian soil or that rhizobia 
have moved to these regions from neighbouring fields, such as through air travel (Rosselli et 
al. 2015). We are not aware of the native plant species that might be nodulated by these 
rhizobia, except for Indigofera arrecta and Crotalaria incana, which are commonly found in 
Ethiopia and have been found to nodulate soybean (Aserse et al. 2012). Reports by Aserse et 
al. (2012) and Jaiswal et al. (2016) identified that native isolates of soybean nodulating 
Bradyrhizobium spp. from Ethiopia formed a distinct cluster from previously described 
Bradyrhizobium spp. type strains in phylogenetic trees. Soybean-nodulating indigenous 
rhizobia, potentially from native legumes, have similarly been found in other African 
countries, such as Nigeria (Sanginga et al. 1996), Zimbabwe (Musiyiwa et al. 2005) and 
Zambia (Javaheri 1996).  
The lack of association between rhizobial population density with inoculation history and the 
years since soybean was last grown was unexpected. In other studies, stronger relationships 
between paddock crop rotation history and rhizobial populations were observed (Drew et al. 
2012). The lack of association is likely to be related to the detection of ineffective rhizobia in 
large numbers in uncultivated areas. As previously mentioned, Aserse et al. (2012) 
demonstrated that isolates from I. arrecta and C. incana were able to form effective nodules 
on soybean, while other isolates from different Indigofera spp., Crotalaria spp. and Erythrina 
brucei either formed white ineffective nodules or failed to nodulate soybean. However, such 





inoculation studies that identify efficient soybean nodulating rhizobia could increase the 
selection pool for elite strains.   
The frequency of detection of soybean-nodulating rhizobia in Ethiopian soils was higher than 
reported for nine other African countries (Abaidoo et al. 2007), where Bradyrhizobium spp. 
nodulating soybean cv. TGx and Bradyrhizobium japonicum nodulating soybean cv. Clark 
were detected in 72% and 37% of the soils, respectively. In the present work, fivefold dilution 
series were used to detect rhizobial populations as small as 2 cfu g-1 soil (Somasegaran et al. 
1985), and this sensitivity may have contributed to a higher frequency of rhizobial detection. 
Additional to the sensitivity of the dilution ratio used, the use of a different cultivar, Soya79, 
in the current study might have contributed for the higher frequency detection. 
Despite the relatively high frequency of detection of rhizobia in the present study, 49% of the 
soil samples had <300 cfu g-1 soil and 42% of soils had <50 cfu g-1 soil. A high percentage of 
low numbers of soybean-nodulating rhizobia (300 cfu g-1 soil) was found in soil samples from 
AZ, WE and SE. In these areas with smaller populations of rhizobia, soybean yields will 
likely be improved through inoculation (Herridge 2008; Jefwa et al. 2014). Soybean growth 
has been improved by rhizobial inoculation in soils with low rhizobia population densities in 
Nigeria (Ronner et al. 2016), Egypt (Youseif et al. 2014) and Kenya (Thuita et al. 2012; 
Herrmann et al. 2014). A meta-analysis on soybean inoculant effectiveness similarly showed 
that the largest nodulation due to inoculation occurred in soils with no or low background 
rhizobial population (Thilakarathna et al. 2017). In such cases, inoculation is a cheap and 





organic inputs, which are expensive for smallholder farmers (Hungria et al. 2013; Ronner et 
al. 2016).  
In contrast to our expectations, large populations of soybean-nodulating rhizobia were 
detected in 51% of the soil samples in the present study. Ninety-five percent of the samples 
from SWE fall in this category and 61% of these SWE soil samples contained >104 cfu g-1 
soil. The presence of indigenous or naturalised rhizobial populations is a significant factor 
that can affect the response to inoculation (Thies et al. 1991; Brockwell et al. 1995; Denton et 
al. 2000; Slattery et al. 2002; Denton et al. 2007; Denton et al. 2013) and soil populations can 
reduce nodule occupancy by commercial inoculants (Denton et al. 2002). When the 
background population exceeds 1000 cfu g-1 soil, inoculation is not expected to be beneficial 
(Herridge 2008). The variable numbers of soil rhizobia identified in the present study may 
account for some inconsistent responses to inoculation that were previously observed with 
commercial soybean inoculants in Ethiopia (Aserse et al. 2012).  
Understanding the need to inoculate legumes, and how this varies geographically, provides 
useful information regarding the likelihood of responses expected from inoculation. 
According to our results, inoculation is unlikely to increase yields in many soils in SWE, as 
the numbers exceed 1000 cfu g-1 soil in more than 90% of the samples (Herridge 2008). This 
would only occur if a significantly more effective and competitive strain is used in high 
concentration (Hungria et al. 2017), or isolated areas with low population numbers are 
identified. Recent studies on soybean inoculation rates in Brazilian soils indicated that 
responses to inoculation can be achieved by increasing the rates of inoculant with a minimum 





× 106 cfu seed-1 also showed increased grain yields in areas with high background rhizobial 
populations. Ethiopian inoculants are prepared in 125 g sachets having 109 cfu g-1 carrier 
material and distributed mainly by governmental research centres and one private company. 
However, the recommendation is to inoculate this 125 g inoculant on seeds sufficient to cover 
0.25 hectare. The recommended seeding rate for cultivar Clark in the Jimma area is 60 kg ha-
1, equivalent to 1.1×106 cfu seed-1. Therefore, it would be necessary to increase the 
inoculation rate to increase the likely benefit of inoculation, especially for soils with >300 cfu 
g-1. Furthermore, some cultivars require higher seeding rates and these would also benefit 
from an increased inoculant application rate.  
Inoculation is more likely to be important in Assossa, as 71% of the samples contained <100 
cfu g-1 soil, and in WE and SE. Farmers in these regions should be advised to inoculate their 
soybean crops and appropriate extension messages targeting these regions would be more 
worthwhile than targeting the SWE region. 
With regard to symbiotic N fixation effectiveness, 62% of soil samples from SWE contained 
effective populations of soybean rhizobia. It is likely that the soils from this region can be a 
good source of inoculants, as demonstrated by the greenhouse effectiveness test in which 62% 
of the soils from this region had similar effectiveness to the reference strain. Similar 
effectiveness of indigenous populations has been detected in other African soils, e.g. in 
Nigeria (Sanginga et al. 2000) and Zimbabwe (Musiyiwa et al. 2005). An understanding of 
genetic diversity influences the effectiveness of these populations might be a useful area of 







The soil population of soybean-nodulating rhizobia and their effectiveness varied among 
fields and areas in Ethiopia, providing both opportunities and challenges to the soybean 
industry in improving soybean grain yield through inoculation. Among the major growing 
areas, soil samples from SE, WE and AZ generally contained smaller soybean-nodulating 
rhizobial populations (76% with <300 cfu g-1 soil), providing circumstances where 
inoculation is likely to improve the growth of soybean. As the abundance and distribution of 
the soybean nodulating rhizobia in Ethiopia is assessed in this work with improved variety 
(cv. Soya791), validation of this work with smaller samples is needed if similar result is 
achieved with the different varieties that are currently being released and also with those 
varieties commonly used in the different agro-ecologies. Otherwise, similar work may be 
required based on the widely used cultivar in the respective growing regions. Extension 
efforts to improve the availability and application rates of inoculants would, therefore, be very 
worthwhile in these regions. Higher proportions of soil samples from SWE contained large 
numbers of rhizobia (95% of soils contained >300 cfu g-1 soil) with similar effectiveness to 
CB1809 (86%). Inoculation with rhizobia in the majority of fields in SWE should be 
considered carefully and studies using high rates of inoculation should be conducted to 
evaluate the potential for inoculation responses. Although there were limited correlations 
between soil rhizobial numbers and other soil properties and cropping history, higher 
populations in the SWE region may provide an opportunity to isolate new, effective strains 
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Figure 6.1. Soil collection sites of major soybean growing areas of Ethiopia. Assossa Zone 
(AZ) is within the Benishangul Gumuz Regional State, Southern Ethiopia (SE) comprises the 
Southern Nations and Nationalities People (SNNP) Regional State, South West Ethiopia 
(SWE) represents Jimma and Chewaka areas, and Western Ethiopia (WE) comprises Bako 







Figure 6.2. Shoot dry weight for plants inoculated with one of 55 soil samples suspensions 
collected from major soybean growing areas of Ethiopia, compared with a reference strain 
(CB1809) and an un-inoculated control. The soil inoculants are divided into three groups: 
those not significantly different from the reference (●), those not significantly different from 
the control (O) and those significantly different from both the reference and the control ( ). 






















Figure 6.3. Effectiveness of soil rhizobial populations from different areas of Ethiopia where 
the rhizobia population was >300 cfu g-1 soil as determined by the most probable number 
technique. AZ, Assossa Zone in Benishangul Gumuz Regional State; SE, Southern Ethiopia 
(SNNP); SWE, Southwestern Ethiopia and WE, Western Ethiopia of Oromia Regional State. 
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Figure 6.4. Regression line showing the association between rhizobial populations (cfu g-1 
soil) determined by the most probable number (MPN) technique and shoot dry weight of 








































Table 6S1. Soil collection areas and regions with cropping, inoculation history 
and rhizobial populations determined using most probable number (MPN) 
technique. Oromia Regional State is represented by Southwestern Ethiopia 
(Jimma, and Chewaka areas), and Western Ethiopia (Bako and Gute areas). 
Southern Ethiopia represents the Southern Nations and Nationalities People 
(SNNP) and extends from Hawassa to Amaro areas. Benishangul Gumuz (BG) 
Regional State is represented by Assossa Zone (AZ). 
 




last soybean  
Log (MPN+1) 
1 Jimma-03 Oromia SWE No 1 4.01 
2 SE-32 SNNP SE No 4 2.31 
3 Bako-03 Oromia WE No 6 4.18 
4 Assossa-1 BG  AZ No 1 4.18 
5 Jimma-11 Oromia SWE No 0.4 4.18 
6 SE-39 SNNP SE Yes 1 3.77 
7 Bako-10 Oromia WE No 0.4 1.08 
8 Assossa-2 BG  AZ No 1 0.54 
9 Jimma-24 Oromia SWE No 0.4 3.32 
10 SE-10 SNNP SE No 6 0.54 
11 Bako-04 Oromia Oromia WE 6 0.32 
12 Jimma-14 Oromia SWE No 4 1.65 
13 SE-20 SNNP SE No 6 2.46 
14 Bako-18 Oromia WE No 1 0.54 
15 Assossa-3 BG AZ No 1 1.91 
16 Assossa-4 BG AZ No 2 0.99 
17 Jimma-40 Oromia SWE No 2 3.47 









last soybean  
Log (MPN+1) 
19 Jimma-08 Oromia SWE No 1 3.23 
20 Jimma-05 Oromia SWE No 2 3.02 
21 Jimma-34 Oromia SWE No 1 4.12 
22 Jimma-27 Oromia SWE No 0.4 4.12 
23 Jimma-25 Oromia SWE Yes 1 4.12 
24 Jimma-16 Oromia SWE No ∞ 4.12 
25 Jimma-12 Oromia SWE Yes 1 4.12 
26 Jimma-01 Oromia SWE No 1 4.12 
27 Jimma3 Oromia SWE No 0.4 4.12 
28 Jimma-10 Oromia SWE No 1 4.12 
29 Jimma-28 Oromia SWE No 1 4.12 
30 Jimma-09 Oromia SWE No 1 4.12 
31 Jimma-32 Oromia SWE Yes 1 4.12 
32 SE-33 SNNP SE No 3 1.81 
33 SE-26 SNNP SE No 3 1.81 
34 SE-36 SNNP SE No 0.4 3.23 
35 SE-05 SNNP SE No ∞ 0.85 
36 SE-38 SNNP SE Yes 1 3.23 
37 SE-37 SNNP SE Yes 1 1.61 
38 SE-30 SNNP SE No 0.4 0.85 
39 Bako-30 Oromia WE No 0.4 1.15 
40 Bako-36 Oromia WE No 0.4 0.4 
41 Bako-40 Oromia WE No 1 0.85 
42 Bako-20 Oromia WE No ∞ 0.4 









last soybean  
Log (MPN+1) 
44 Bako-31 Oromia WE No 0.4 0.68 
45 Bako-25 Oromia WE Yes 0.4 4.12 
46 Bako-28 Oromia WE No 0.4 1.15 
47 Bako6 Oromia WE No 0.4 4.12 
48 Bako-12 Oromia WE No 6 0.4 
49 Bako-32 Oromia WE Yes 0.4 0 
50 Bako-22 Oromia WE No 1 0.68 
51 Assossa-8 BG AZ No 4 0.85 
52 Assossa-6 BG AZ No 1 2.51 
53 Assossa-5 BG AZ No 3 1.51 
54 Jimma-39 BG AZ No 1 2.9 
55 Jimma-38 BG AZ No 1 3.23 






Table 6S2. Soil characteristics measured for 55 soil samples collected from soybean-growing 
areas of Ethiopia and their linear regression with rhizobial abundance and effectiveness. 





Median Min Max Linear regression  
Log(MPN+1) 
Linear regression  
effectiveness 
p-value R2 slope p-value R2 slope 
pH H2O 6 (± 0.1) 6 5 8 0.1 - - 0.9 - - 
pH CaCl2 6 (± 0.1) 6 4 7 0.9 - - 0.9 - - 
Total N% 0.2 (± 0.01) 0.2 0.04 0.4 0.05 0.0
7 
-0.01 0.8 - - 
Nitrate 
(mg/kg) 
10(± 1.1) 7 1 30 0.2 0.0
7 
- 0.1 - - 
Ammonium 
(mg/kg) 
22 (± 1.3) 23 4 35 0.7 - - 0.5 - - 
C% 2 (± 0.08) 2 1 3.3 0.02 0.1 -0.10 0.6 - - 
Conductivity 
(ds/m) 
0.1 (± 0.01) 0.1 0.03 0.2 0.6 - - 0.5 - - 
P(Bray-I) 
(mg/kg) 
3 (± 0.7) 1 0.1 24 - - - 0.7 - - 
P(Cowell) 
(mg/kg) 
16 (± 1.2) 14 4 44 1.0 - - 0.9 - - 
K (mg/kg) 449(± 43) 347 98 1097 0.9 - - 0.1 - - 
PBI 280 (± 21) 309 57 558 0.9 - - 0.6 - - 
Clay% 34 (± 0.9) 34 25 50 0.2 - - 0.1 - - 
Silt% 10 (± 0.5 ) 10 2 19 0.4 - - 0.3 - - 
Sand% 55 (± 1) 56 36 67 0.07 - - 0.02 0.0
9 
-2.3 










Chapter 7   General discussion 
7.1.  Introduction 
Nitrogen and phosphorus are the two of the most important plant growth limiting elements, 
next to sunlight and water (Vance 2001). Both N and P are deficient in the majority of soils in 
countries in Sub Saharan Africa due to inherent soil infertility, weathering and leaching 
(Okalebo et al. 2006). Chemical fertilizers are unaffordable for the vast majority of small 
holder farmers in Africa, particularly Sub Saharan Africa. Application of microbial inoculants 
can play a vital role in integrated soil fertility management, to alleviate crop N and P 
deficiencies in the farming systems of African countries (Sanginga et al. 2009).  
Rhizobial inoculants are being promoted to farmers in Ethiopia through the Ministry of 
Agriculture and Rural Development and the Ethiopian Institute of Agricultural Research, in 
cooperation with different national and international institutes. Site-specific field experiments 
from the national agricultural research system have shown encouraging yield improvements 
with the application of rhizobial inoculants for different legume crops in Ethiopia including 
faba bean (Argaw 2012; Tsegaye et al. 2015), field pea (Belay et al. 2011; Argaw et al. 2017), 
chick pea (Tena et al. 2016), lentil (Jida et al. 2011; Tena et al. 2016) haricot bean (Argaw et 
al. 2015), and soybean (Solomon et al. 2012; Argaw 2014; Jefwa et al. 2014). However, 
multi-location trials of some of the grain legumes, such as soybean, have shown variable 
results in response to inoculation (Aserse et al. 2012). The reasons for the variability in the 
responses to inoculants are, however, not clear. Poor adaptation of imported strains to the 
local soil environment (Aserse et al. 2012) and competition with indigenous rhizobial 





Responses to rhizobial inoculation are affected by various environmental factors including 
low soil pH, drought, and nutrient deficiency (Zahran 1999; Hungria et al. 2000; Giller 2001; 
Thilakarathna et al. 2017). Forty percent of the arable land of Ethiopia is covered with low pH 
soils (Schlede 1989) out of which 27.7 % of the arable land is covered by moderately to 
weakly acidic soils (pH in KCl of 4.5 -5.5) while 13.2 % are strongly acidic soils (pH in KCl, 
<4.5), including soils of major soybean growing regions. Hence, soybean N fixation in these 
areas is expected to be limited as a result of low soil pH (Bekere et al. 2013). Plant growth, 
rhizobial survival and the interactions between rhizobia and the plant (nodulation and N 
fixation) are all sensitive to highly acidic soil pH (Ferguson et al. 2013). In low pH soils, P 
reacts with Al and Fe to form insoluble compounds that are not available for plant uptake, 
(Richardson 2001) which further limits biological N fixation in low pH soils.  
The experiments in this thesis were aimed at increasing the yield of soybean in acid soils of 
Ethiopia using microbial inoculants as inexpensive alternatives to fertilizers to improve 
biological N fixation and P availability. To this end, the experiments evaluated 1) yield 
improvement of soybean through selection and testing of acid tolerant N fixing rhizobial 
strains in major soybean growing areas of Ethiopia (Chapter 3), 2) the potential for yield 
improvement of soybean through inoculation of locally isolated P solubilizing bacteria 
together with N fixing inoculants (Chapter 4), 3) the size and effectiveness of the resident 
rhizobial populations in soil samples from major growing areas to assist the prediction of 
responses to inoculation (Chapter 5), and 4) the genetic diversity of the acid tolerant rhizobial 
isolates in reference to known Bradyrhizobium type strains (Chapter 6). The discussion below 
will highlight some of the new information gathered during this work and how it addresses 





7.2.  Summary of results 
7.2.1 The potential for rhizobial inoculation to increase soybean grain yields on acid 
soils in Ethiopia: 
Based on an initial screening for acid tolerance on acidified agar media and another for 
screening N fixation on soybean grown in a controlled environment, a commercial strain and 
four local isolates were evaluated for yield improvement in six field experiments in soybean-
growing areas of Ethiopia with soil pH (H2O) ranging from 4.3 to 4.8. The yields in response 
to application of the commercial strain (532c) were consistently greater than for the other 
treatments at all of the test sites. Inoculation with newly-selected local strains showed 
increases relative to the control, with regard to yield and nodule number at field sites, where 
the resident soil rhizobial populations were ≤ 1.4 × 103 cfu g-1 soil. In the soils with 
population ≤ 1.4 × 103 cfu g-1 soil, inoculation with local isolates resulted in yields greater 
than, or comparable to, the application of fertilizer at 46 kg N ha-1. However, in soils with 
resident rhizobia populations > 1.4 × 103 cfu g-1 soil, there were no significant nodulation 
responses to inoculation. Despite the expression of acid tolerance in vitro, two of the local 
isolates didn’t perform well relative to the control at five of the six field sites, due potentially 
to by acid soil related stresses, which indicated the critical importance of field validation 
during screening for acid tolerance.  
7.2.2 Evaluation of the diversity in acid tolerant soybean rhizobia from key 
agricultural regions of Ethiopia 
The genetic diversity of acid tolerant strains was studied using the ITS portion of the 16S-23S 





distributed within the Bradyrhizobium genus and were genetically distinct from the 
Bradyrhizobium type strains and from each other, corroborating previous studies (Aserse et al. 
2012; Jaiswal et al. 2016) of soybean-nodulating rhizobia isolated from Ethiopian soils.  
Similarly, symbiotic effectiveness was found to be distributed relatively evenly among the 
different groups, so was not found to occur in particular clusters. The most efficient strains 
were, however, grouped in three different clusters (Cluster C, D, and F). In addition, on a 
phylogenetic tree constructed using the neighbour-joining algorithm of the ITS sequences of 
the 16S-23S region, the acid tolerant strains isolated in the current study occupied different 
phylogenetic positions (clusters) compared with those of strains previously isolated from soils 
of Ethiopia (Jaiswal et al. 2016).  
 
7.2.3 Isolation and evaluation of phosphate dissolving bacteria associated with 
soybean  
Strains of Bacillus spp. and a Pseudomonas spp. were isolated from soils collected from farms 
that grew soybean and selected for field testing after an in vitro screening process. When 
these strains were grown in liquid culture that contained Al, Fe and Ca phosphates, they 
significantly increased the available P relative to controls. The increase in soluble P in the 
culture solution was accompanied by a decrease in pH.  
Two strains of Bacillus spp. and a strain of Pseudomonas sp. were tested in 6 field 
experiments through furrow application of a filter mud carrier. There appeared to be some 
soybean yield increases over the controls, but these were not statistically significant. 





increase of 13.8% over the control. There would be merit in testing this strain further with a 
different inoculation strategy, such as seed inoculation, in concert with rhizobial inoculants. 
The lack of responses following the addition of P solubilising bacteria in the field experiments 
were considered to be due to high phosphorus buffering index (PBI) of the soils (PBI up to 
558 was identified in Chapter 5). Since the application of P at a rate of 20 kg ha-1 did not elicit 
a yield response, any effects of the inoculant strains were considered to have released less 
than 20 kg P ha-1. Further investigation of the influence of P levels in different soils in the 
range of their PBI values and through an understanding of soil P chemistry may help in 
understanding whether P solubilizing organisms can help to improve soybean nutrition. 
7.2.4 Assessment of the symbiotic effectiveness and population size of soybean 
rhizobia in Ethiopian soils to assist appraisal of crop inoculation requirements 
The abundance and symbiotic effectiveness of background populations of soil rhizobia in 55 
soils from major soybean growing areas of Ethiopia were analysed in a controlled 
environment. The population size of the resident soil rhizobia varied from 0 to > 1.5×104 cfu 
g-1 soil while 49% of the soils had populations <300 cfu g-1 soil.  
The highest proportion of soil samples with >300 cfu g-1 soil were typically identified from 
SWE of the Oromia Regional State, while soil samples from WE of the Oromia Regional state 
had the lowest proportion of soil samples with large rhizobial populations and two of the soil 
samples were devoid of detectable soybean nodulating rhizobia. 
Where the soils contained rhizobial populations >300 cfu g-1 soil, the N fixation effectiveness 
was variable. Among the soil samples assessed, there were populations of rhizobia that were 





with < 300 rhizobial cfu g-1 soil were ineffective (49% of soils) presumably due to the low 
numbers of rhizobia. Soils from SWE contained large populations of resident rhizobia with 
higher proportions of effective rhizobia, and hence the decision whether to inoculate soybean 
in this region of Ethiopia needs careful attention; increasing the rate of inoculant application 
might benefit soybean production when soybean is sown into soils with large backgrounds of 
rhizobia. The soils in SE, WE and AZ contained smaller and/or ineffective soybean 
nodulating rhizobial populations; here there are greater opportunities to benefit from an 
inoculation response (Figure 7.1).  
7.3.  Conclusions and recommendations 
Inconsistent responses to inoculation of soybean were previously observed in Ethiopia during 
efforts to verify and promote the use of commercial soybean inoculants. The reasons for this 
variable response to inoculation was not clear, as it was thought the soybean-nodulating 
rhizobia may be absent from the soils (Aserse et al. 2012). This research indicated that low 
soil pH and resident rhizobial population sizes were two potential factors affecting soybean 
inoculation responses in major soybean growing areas of Ethiopia. One commercial and two 
local soybean rhizobial isolates were demonstrated in this research to be effective when 
soybean was grown in low pH soils, depending on the size of the background soil rhizobial 
population, while two other selected soybean strains appeared to be more sensitive to acid 
related factors, and did not increase nodulation in the field relative to controls. Further 
screening of additional soil samples from the SWE is proposed, to enable the selection of 
better adapted, acid tolerant and effective N fixing strains, such as those reported in a recent 





strains from Mozambique (Chibeba et al. 2017). For further screening works, including 
poorly acid tolerant strains as a control will give a more clear picture on the performance of 
acid tolerant strains. The background rhizobial population size in soils from the major 
soybean growing areas of Ethiopia was variable; soils from SWE contained larger and more 
effective rhizobia populations. Rhizobial population densities are usually correlated with the 
number of years since soybean was last grown and /or with inoculation history (Parr et al. 
2017), although the results of this study showed no significant correlation with the presence 
and level of soil resident populations in the majority of soil samples in SWE. In this area, 
agricultural extension programs should be judicious in promoting the use of rhizobial 
inoculants. Lack of response to inoculation due to competition from native soil rhizobia might 
challenge growers’ trust for inoculant technology, not only for soybean but for other legumes 
too. Additional surveys to determine the population sizes of the rhizobia across SWE will 
help to identify areas that can benefit from inoculation within the region and may assist with 
an extension to target inoculation programs. Increasing the rate of inoculant application to 
seed has been shown in other situations to overcome competition for nodulation (Hungria et 
al. 2017). A study on the response to different inoculation rates in soils with high background 
rhizobial populations is critical, as failure to nodulate in the presence of background rhizobia 
population is well-established (Brockwell et al. 1995). In addition, even though high rates of 
inoculation are found to be effective in soils with background rhizobial populations, careful 
attention to product quality is required, to ensure that inoculants distributed to growers are up 
to the required standards, as the numerical abundance of rhizobia is crucial to successful 
inoculation (Brockwell et al. 1995; Hartley et al. 2005; Denton et al. 2013). With respect to 





soils from these regions had small rhizobial populations, and hence a dedicated inoculation 
program with acid tolerant strains in these regions will likely be of sound economic benefit 
for the growers.  
The current study shows that a combination of screening on acidified agar plates and 
evaluation of N fixation effectiveness in controlled environments is an effective method to 
select acid tolerant strains for use in acid soils. However, after screening acid tolerance using 
plate assays, evaluation of their symbiotic effectiveness in low soil pH under controlled 
environment conditions might be an important additional step to enable selection of strains 
that can efficiently tolerate acidic soil conditions and fix N. In the process of selecting strains, 
validating the most tolerant and efficient strains in field conditions is equally important. To 
clearly show the performance of acid tolerant strains, including poorly acid tolerant strains, 
either from the plate screenings or from other know source as controls would be of paramount 
importance. From genetic characterisation of Bradyrhizobium strains in chapter 4, it was 
suggested that B.elkanii might be acid sensitive. Including this strain in acid tolerance 
evaluation, both on plate and field condition will help in proving whether it is really acid 
sensitive.  
The inoculation of P solubilizing bacteria in similar (acidic) field soils indicated some 
potential to increase the yield of soybean, however, the increases were not significant and the 
identification of responses was constrained due to the high PBI of the soils, and the inability 
of the blanket P fertilizer recommendation to increase yield significantly. To clearly show the 
potential benefit of P solubilizing microorganisms, soils in which there is a response to 





and Mg in Kenyan soils (Keino et al. 2015). Efforts will be made to evaluate these P 
solubilising strains in low PBI soils. Furrow application of N fixing inoculants has been 
shown to be inferior to seed inoculation (Denton et al. 2017). Similarly, the furrow 
application of P dissolving bacteria (as done in this study) might not be as effective as seed 
inoculation. Further work on improved application methods for inoculation of P solubilizing 
organisms will be important to enable exploitation of these microorganisms. 
An analysis of the diversity of the Bradyrhizobium spp. isolated in this study revealed that the 
acid tolerant strains are diverse. The ITS sequence analysis of the 16S-23S rDNA region has 
been shown to give similar groupings to that produced by analysis of DNA-DNA 
hybridization in most of the Bradyrhizobium species, except for Aeschynomene species, 
which showed variable ITS sequence (Willems et al. 2003). Due to the high discrimination 
power of the analysis of ITS sequences, the acid tolerant strains were analysed for their 
diversity using this method. Corroborating previous work, the acid tolerant strains were found 
to be diverse, interspersed in the Bradyrhizobium ITS-based phylogenetic tree, and distinct 
from the previously identified Bradyrhizobium type strains. In addition, the positions of newly 
isolated soybean rhizobia in the ITS-based phylogenetic tree were found to be different from 
previously isolated Ethiopian Bradyrhizobium strains (Jaiswal et al. 2016). The different 
position on the phylogenetic tree of these strains isolated in different seasons supports the 
observation that screening for acid tolerant rhizobia on acidified media enabled the 
identification of different rhizobial groups of interest among soybean nodulating rhizobial 
strains from Ethiopia. Conversely, the absence of certain rhizobial groups (e.g. isolates that 
grouped with B. elkanii) among the acid tolerant strains also suggested that screening on 





grouped with strains isolated from different legumes such as Aeschynomene indica and 
Arachis hypogaea. The role of these species in sharing similar rhizobia types with soybean is 
not clear and we know very little about the existence of other legumes with the same cross 
inoculation group as soybean. However, similar expectations on the existence of legumes with 
same inoculation group with soybean were reported in Malawi (Parr et al. 2017). 
Identification of such legumes will benefit from increasing the pool from which elite strains 
for soybean can be screened. The acid tolerant strains in this study were found to be diverse 
but distinct from currently described bradyrhizobial type strains. To locate the taxonomic 
position of these acid tolerant strains more precisely, multilocus sequence analysis of the core 





Figure 7.1. Soybean growing regions of Ethiopia (shaded in green) and localised areas that are 
found to respond to inoculation (in white) and areas that are with a large background rhizobial 
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